


Dedication

To all of our colleagues in the practice of hyperbaric medicine who have worked 
so tirelessly to bring our specialty into the mainstream of medicine. 

And, most importantly, to our best friends and wives—Doris and Lynne.

v

              



If one is to be candid, the fi eld of hyperbaric 
medicine is a relatively new one. The biologi-
cal effects of pressure were sporadically inves-
tigated in the 18th and early 19th centuries, 
but the fi rst cohesive, scientifi c analysis was 
carried out by Paul Bert, who published 
La Pression Barometrique in 1878. Hyper-
baric chambers were used initially to treat a 
variety of “humors,” but then interest began to 
focus on decompression sickness. It was not 
until the second half of the 20th century that 
hyperbaric chambers were used to treat con-
ditions other than decompression illness on a 
more frequent basis. As such, early pioneers 
were clinically oriented and had their roots in 
either diving or aerospace medicine. 

Thus hyperbaric medicine began as a clini-
cal discipline. Early practitioners had a physio-
logical rationale for hyperbaric oxygen therapy 
(HBOT), but clinical utilization was empha-
sized over basic science. It has been only re-
cently that the basic science behind hyperbaric 
medicine has been explored, and this con-
tinues with ever-increasing sophistication. Of 
equal importance, it has been only recently 
that more rigor has been applied to the clinical 
situations in which HBOT might benefi t pa-
tients. There is now a pool of knowledge con-
cerning basic physiology and clinical outcomes 
that would benefi t from being collected into 
one volume.

This was the purpose of this textbook. It 
was our goal to try to assemble all of the im-
portant physiological information, as well as 
the carefully conducted clinical investiga-
tions of HBOT. This text is meant to be a ref-
erence tool for researchers and clinicians to 
help them gain a better understanding of the 
fundamental mechanisms of HBOT; it also 
serves as a critical review of the indications 
for HBOT. It is not intended to be a simple 

recitation of the virtues of hyperbaric medi-
cine but rather an academic approach to the 
subject. With this in mind the book is orga-
nized to deal with the practical issues of 
HBOT and the physiology behind the treat-
ment. It addresses each of the generally 
accepted indications for HBOT with what 
the editors hope is fair academic vigor. 

We feel that two chapters deserve special 
mention. The fi rst of these is the chapter de-
voted to “Fitness to Dive.” Because so many of 
the current clinicians practicing hyperbaric 
medicine no longer have their background in 
diving medicine, we felt this chapter was es-
pecially important. Practicing hyperbaric phy-
sicians are often called upon to examine com-
mercial and sport divers to assess their fi tness 
to dive, and at times to treat diving-related in-
juries. Our coverage of other diving medicine 
topics was limited, however, because there 
are several excellent texts in this area. The 
reader is referred to Bennett and Elliott’s 
Physiology of Medicine and Diving as well as 
Bove and Davis’s Diving Medicine. This text is 
not meant to replace those texts but rather to 
accompany them, and for all to be found side 
by side at any hyperbaric chamber installa-
tion. The second chapter that warrants special 
mention is devoted to the unconventional 
uses of hyperbaric medicine. In current times, 
with medicine being scrutinized carefully for 
its ever-increasing costs, this chapter turns a 
critical eye to conditions for which HBOT has 
been advocated without there being a fi rm 
rationale and/or data for its use. We make no 
apologies for the critical nature of this chap-
ter. We believe such directness is overdue 
within the fi eld of hyperbaric medicine. 

With so many individuals as authors, the 
editors have tried to the best of their abilities 
to create a more or less uniform style for the 
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chapters so that the reader may go from one 
chapter to another more easily. The symbols for 
respiratory abbreviations and concepts are 
those used by Elsevier throughout their publi-
cations. The units of pressure are those used 
most frequently in the fi eld of hyperbaric 
medicine.

We hope this book meets the needs of our 
many colleagues.

Tom S. Neuman, MD, FACP, FACPM
Stephen R. Thom, MD, PhD
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Color Plate 1 A, A case of a 6-month-old infant after an iatrogenic intra-arterial fl uid infusion. A progressive improvement occurred 
after twice-daily hyperbaric oxygen treatments and concluded with the amputation of the distal phalanxes. B, Treatment was performed 
using a Perspex-made oxyhood. Frequent air fl ushes are required to prevent high oxygen concentrations within the chamber using this 
method. (Courtesy Israeli Naval Medical Institute and Dr. Yehuda Melamed.)

A B

A B

Color Plate 2 A and B, Progression of necrotic lesions of the face and lower extremities after purpura fulminans that signifi cantly 
improved after hyperbaric oxygen treatment. (Courtesy Israeli Naval Medical Institute and Dr. Yehuda Melamed.)

A B

Color Plate 3 HYPERBARIC OXYGEN (HBO) INDUCES NITRIC OXIDE SYNTHASE (NOS) III PRODUCTION AFTER MOCK ISCHEMIA-
REPERFUSION INJURY IN VITRO. Primary human umbilical vein endothelial cells (HUVECs) were exposed to mock ischemia (hypoxia/
hypoglycemia) for 4 hours, then either normoxia/normoglycemia for 20 hours or 1.5 hours of HBO at 2.5 ATA, then 18.5 hours of 
normoxia/normoglycemia. Cells were fi xed and immunostained for expression of NOS III and analyzed by confocal laser–scanning 
microscopy (CLSM). Enhanced expression of NOS III after HBO exposure (B) can be appreciated relative to control cells (A). Nucleic 
acid is stained red with propidium iodide, and NOS III is stained green with a NOS III-specifi c antibody. (Adapted from Buras JA, 
Stahl GL, Svoboda KK, Reenstra WR: Hyperbaric oxygen downregulates ICAM-1 expression induced by hypoxia and 
hypoglycemia: The role of NOS. Am J Physiol Cell Physiol 278:C292–C302, 2000, by permission.)

                



Split
Rib

Chin

Color Plate 4 The Marx technique of reconstruction. 
After hyperbaric oxygen and resection, the patient is 
reconstructed with cadaveric bone (in this case, a split 
rib) serving as the carrier tray for the patient’s own 
corticocancellous bone harvested and placed into the 
carrier. The patient is kept in external fi xation until the 
graft has ossifi ed. Surgery is done extraorally to prevent 
infection by introduction of oral fl ora.

End of Treatment Post-Flap and Graft

Color Plate 6 Additional HBOT was delivered after surgery to enhance 
graft and fl ap survival. This type of wound is especially diffi cult to treat 
because it is constantly bathed in digestive salivary enzymes. The proximity 
of the carotid artery also puts the patient at risk for a fatal bleed unless 
the process is arrested.

A B

Color Plate 5 A patient 
before (A) and after 
(B) mandibular reconstruction. 
The reconstructed mandible 
adds immeasurably to the 
patient’s quality of life and 
permits denture support, 
which improves the patient’s 
nutritional status.

                



Color Plate 8 BUBBLES IN THE EPIDURAL VENOUS PLEXUS. (From Hallenbeck JM: Cinephotomicrography of dog spinal 
vessels during cord-damaging decompression sickness. Neurology 26:190–199, 1976, by permission.)

Post 20 HBOT Treatments

Follo
w-up

Color Plate 7 Left, Excellent granulation base and epithelial advancement. Right, Follow-up about 3 months after completion of 
treatment. The wound closed without any additional surgery.

A B

Color Plate 9 SPINAL CORD DECOMPRESSION SICKNESS 1 WEEK AFTER DEVELOPMENT OF QUADRIPARESIS IN A 42-YEAR-OLD MAN 
WHO MADE A 70 FEET SEA WATER DIVE. A, Demyelination can be seen in the long tracts. B, Higher magnifi cation view shows 
hemorrhage in the gray matter. (Courtesy Department of Pathology, Duke University Medical Center, Durham, NC.)

                



Color Plate 10 SKIN BENDS. A, Nonspecifi c skin bends in a recreational diver. B, Cutis marmorata (livedo reticularis) in a 
recreational diver. C, Urticaria precipitated by breathing 3% oxygen, balance nitrogen at 200 feet sea water in a helium/oxygen environment. 
D, Lymphatic bends 24 hours after onset and 2 months later. (C: From Blenkarn GD, Aquadro C, Hills BA, et al: Urticaria following 
the sequential breathing of various inert gases at a constant ambient pressure of 7 ATA: A possible manifestation of 
gas-induced osmosis. Aerosp Med 42:141-146, 1971, by permission.)

A

B

C

D

Color Plate 11 An elderly, wheelchair-bound patient whose feet 
have multiple, bilateral ulcerations due, in part, to unrelieved 
pressure from inadequate footwear and the wheelchair footrests.
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D

Color Plate 12 Soft-tissue radionecrosis of laryngectomy stomas (A, B) and the neck (C, D) in patients treated for head and neck 
cancers. The neck sites show ulcerating and fungating presentations.

                



Color Plate 13 Radionecrosis of the mandible presenting with oral lesions corresponding to the necrosis.

Color Plate 15 A patient’s heel wound 
treated with hyperbaric oxygen therapy 
shows a robust granulation bed with 
characteristically smooth, contracting wound 
edge and the pale, pearly appearance 
consistent with epithelialization at the edge.

May 25 June 18 July
2

Color Plate 14  Serial images of a 
patient’s lateral foot wound as it was reas-
sessed during hyperbaric oxygen therapy. 
The series shows progressive granulation 
and contraction of the wound edge.

                



Color Plate 16 A patient’s posterior shin arterial ulcer is fi lled 
with devitalized tissue and proteinaceous exudates. The exposed 
tendon at 12 o’clock position suggests osteomyelitis may be 
present and warrants further clinical evaluation.

A

B

C

Color Plate 17 A patient’s posterior shin arterial ulcer shows accumulation of grossly visible proteinaceous exudates that are yellow 
(A). Serial images of patient’s lateral foot ulcer (B, C) show large amounts of pale, devitalized tissue together with some proteinaceous 
exudates (B), which is reduced with enzymatic debridement (C).

                



Color Plate 18 A patient’s leg wound is packed with roll gauze that has been dampened with normal saline solution. Note that the 
wound is packed by layering the gauze into the wound, which limits overpacking and allows for atraumatic removal.

Color Plate 19 A patient’s plantar wound is packed with fi ne mesh gauze that is dampened with normal saline solution.

Color Plate 20 A patient who has been treated for head and neck cancer has an orocutaneous fi stula (A) that is packed with 
calcium alginate dressing to manage the fi stulous drainage (B).

A B
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B

Color Plate 21 A patient with an extensive and 
complicated plantar foot wound was treated with 
HBOT. A biomembrane dressing was used to main-
tain wound moisture, reduce pain, and maintain 
tissue position (A). The wound healing, by tertiary 
intent, created a granulated wound bed that was 
closed using a split thickness skin graft (B).

A

C D

B

Color Plate 22 Images of an am-
putation site show devitalized tissue, 
adherent exudates, and other debris 
(A) that warrant debridement (B). 
C, Some granulation tissue and pro-
teinaceous exudates covering varying 
portions of the wound bed. D, Wound 
shortly after split-thickness skin graft 
placement.

                



Color Plate 23 A patient with an anterior shin arterial ulcer is being treated with hyperbaric oxygen therapy and use of a papain 
ointment to debride exudate and support granulation. Note the green color of the ointment visible on the dressing as it is removed and 
the granulation islands present at the lateral wound borders.

Color Plate 24 Neutrophil adherence to the endothelium of an ischemic postcapillary microvenule at 15 minutes of reperfusion. The 
leukocytes are marked by arrows and are easily identifi ed by their characteristic size and whitish color.
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Color Plate 25 A, A 78-year-old patient with a limb-threatening diabetic foot wound. The initial perfusion pressure was normal, but 
transcutaneous partial pressure of oxygen (tcPO2) tension was low. B, Wound after initial surgical debridement and after 15 hyperbaric 
oxygen therapy (HBOT) treatments. C, Postoperative follow-up view of wound after 30 HBOT treatments with successful healing. 
(Adapted from Zamboni WA: Applications of hyperbaric oxygen therapy in plastic surgery. In: Oriani G, Marroni A, 
Wattel F (eds): Handbook on Hyperbaric Medicine. New York, Springer, 1995, pp 443–507, by permission.)
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Color Plate 26 A, Distal lower extremity wound with exposed hardware requiring coverage. B, The hardware has been covered with a 
local fasciocutaneous fl ap. C, Evidence of compromise and impending necrosis in the distal random portion of the fl ap. The patient 
was started on the compromised fl ap hyperbaric oxygen therapy (HBOT) protocol. 

B

                



Color Plate 26 Cont’d D, Appearance 
of the fl ap after 10 treatments with 
improved appearance of the compromised 
portion of the fl ap. E, Complete healing 
was achieved after 20 treatments with 
salvage of the compromised portion. 
(Adapted from Zamboni WA: 
Applications of hyperbaric oxygen 
therapy in plastic surgery. In: Oriani 
G, Marroni A, Wattel F (eds): Hand-
book on Hyperbaric Medicine. New 
York, Springer, 1995, pp 443–507, by 
permission.

D

E

Color Plate 27 A, Immediate postoperative view of a free scapular 
fasciocutaneous fl ap to cover exposed calcaneal tendon in an unstable 
burn scar.

A

                



B C

Color Plate 27 Cont’d B, Total venous occlusion 12 hours 
after the free scapular fasciocutaneous fl ap. Note the dark 
color of the fl ap. The patient refused surgery; therefore, 
immediate leeching and hyperbaric oxygen therapy (HBOT) was 
initiated. C, Flap after 6 days of HBOT with complete survival 
and establishment of inherent venous drainage. D, Six-month 
follow-up demonstrated stable soft-tissue coverage of the 
calcaneal tendon. (Adapted from Zamboni WA: Applica-
tions of hyperbaric oxygen therapy in plastic surgery. 
In: Oriani G, Marroni A, Wattel F (eds): Handbook on 
Hyperbaric Medicine. New York, Springer, 1995, pp 
443–507, by permission.)

D

                



Color Plate 28 �-Toxin has been crystallized in two distinct conformations. A is believed to be catalytically active and so is known 
as the “open form.” The second form, B, known as the “closed form,” has two loops partially closing the active site and leaving the protein 
inactive. A short animated loop at the Birkbeck Toxin Structure Group Homepage Web site shows the dynamic opening and closing of 
the molecule, centered on its binding site. (From Institute of Structural Molecular Biology, Birkbeck College School of 
Crystallography, University of London, UK: Available at http://people.cryst.bbk.ac.uk/_bcole04/ambrose.html, by 
permission. Accessed August 30, 2007.)

A B

Color Plate 29 Left tympanic membrane with myringotomy tube in the anteroinferior quadrant.

                



Color Plate 30 Slit-lamp image of a nuclear sclerotic cataract. (Courtesy Dr. David Harris.)

Color Plate 31 Gas bubbles in the anterior chamber. (Courtesy Dr. Steve Chalfi n.)

                



1History 
of Hyperbaric 

Therapy
Dick Clarke

3

One of the earliest medical technologies still 
in use today, the history of hyperbaric medi-
cine extends back almost 350 years. The fi rst 
recorded attempt to use alterations in atmo-
spheric pressure for therapeutic purposes is 
attributed to Henshaw, an English physician 
and clergyman, in 1662.1 Apparently inspired 
by the salutary effects some investigators 
associated with changes in climate, and pre-
sumably secondary to differences in baromet-
ric pressure, Henshaw sought to artifi cially 
control climate. His “domicilium” was nothing 
more than a sealed room. Attached to it was 
a pair of large organ bellows. By manipulation 
of a series of valves and operation of the 
bellows, the atmosphere within the room 

could be “condensed” (compressed) or “rari-
fi ed” (decompressed).

These changes were designed to simulate 
the effects of climate change experienced as 
one traveled to higher altitudes (the mountains) 
or lower altitudes (the coast). Henshaw chose 
the condensed atmosphere to treat certain 
acute conditions and the rarifi ed atmosphere 
for several chronic diseases. There was even an 
opportunity for the unaffl icted. Henshaw sug-
gested,1 “In times of good health this domicil-
ium is proposed as a good expedient to help 
digestion, to promote insensible respiration, to 
facilitate breathing and expectoration, and con-
sequently, of excellent use for the prevention of 
most affections at the lungs” (p. 10).

It is unlikely that patients experienced any-
thing more than a temporary sense of improve-
ment at best. The degree to which any altera-
tion in the domicilium’s pressure could be 
achieved certainly would have been modest, 
given the limitations of hand-operated bellows 
and the integrity of the room. This was probably 
fortuitous. Too low a pressure could have pro-
duced clinically signifi cant hypoxia, or worse. 
Exposure to too high a pressure could have 
placed patients at risk for decompression sick-
ness, a complication of compressed air expo-
sure not to be identifi ed for another 200 years. 
It was also unlikely that the domicilium’s 
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4 Section I History

atmosphere was renewed during its occup ancy. 
Consequently, Henshaw’s “encouraging” reports 
of changes in respiration and insensible perspi-
ration were possibly the result of an accumula-
tion of metabolic waste products.

That Henshaw’s domicilium produced any 
meaningful benefi ts is highly improbable, for 
it was almost 200 years before any further 
interest in hyperbaric therapy was recorded. 
Perhaps the most notable aspect of his work 
was that it preceded the discovery of oxygen 
by more than 100 years.

Oxygen was fi rst discovered by Carl Wilhelm 
Scheele, a Swedish chemist, in 1772. However, 
he did not publish his observations until 1777.2 
In the meantime, Joseph Priestly, an English 
chemist, independently discovered oxygen in 
1775 and published his fi ndings that same year, 
2 years before Scheele.3 As a result, Priestly 
is commonly credited with the discovery of 
oxygen.

There were no other reports of attempts 
to improve illness or disease with simulated 
climate change until the 19th century, despite 
efforts to promote its scientifi c scrutiny. In 
1782, the Royal Society of Sciences, in Haarlem, 
The Netherlands, introduced a prize for the 
design of an apparatus that would enable study 
of the effects of high pressures on animal 
and vegetable life.4 There were no applicants, 
despite the prize being offered again on three 
other occasions through 1791.

COMPRESSED AIR BATHS

Emile Tabarie, a physician practicing in Mont-
pellier, France, is credited with rekindling inter-
est in hyperbaric medicine.5 In 1832, he 
presented to the French Academy of Scientists 
a detailed description of the workings of a 
pneumatic laboratory. That same year he un-
dertook a series of studies that investigated the 
effects of lowered air pressures, both locally 
and systemically.5 By generating a reversal of 
this environment through an increase in ambi-
ent pressure, Tabarie hypothesized that health-
ful conditions would be further improved on 
and certain diseases might be successfully over-
come. He suggested that the “indispensable 

nature” of atmospheric air would, by its modifi -
cation, “represent an inexhaustible source of 
benefi cial infl uence on man.”6 Tabarie claimed 
to have successfully treated 49 cases of mostly 
respiratory diseases.6

One fi nal comment on Tabarie relates to the 
procedure he adopted to optimize hyperbaric 
comfort and safety. He advocated increasing air 
pressure gradually, maintaining it steadily at a 
predetermined maximum pressure, often in the 
order of two fi fths of an additional atmosphere, 
then slowly lowering it. The entire process took 
approximately 2 hours and was somewhat simi-
lar to modern therapeutic dosing schedules, the 
exception being higher pressures in use today.

Junod, another French physician, is credited 
with the introduction of the fi rst purpose-built 
hyperbaric chamber.7 The chamber was com-
missioned in 1834, and it was based on a 
design by James Watt, of steam engine fame. 
The chamber was spherical, built of copper, 
and capable of compression to 4.0 atmospheres 
absolute (ATA). Junod exposed his patients to 
higher pressures and faster rates of compres-
sion and decompression than Tabarie. This ap-
parently caused consistent diffi culties suffi cient 
to lead some to state that hyperbaric devices 
did not belong in the practice of medicine.1

Junod believed that a patient’s perfusion was 
enhanced while in his chamber. That patients 
would report a greater sense of well-being dur-
ing their occupancy he believed to be proof 
positive. A more modern analysis might con-
clude that the narcotic property of nitrogen in 
air at pressures of 4.0 ATA (reported 100 years 
later by another Frenchman, Jacques Cousteau, 
which he termed rapture of the deep) was the 
likely cause of what was certainly only a tempo-
rary sense of any such well-being.

The largest chamber complex of this pe-
riod was built in 1837 by Pravaz and installed 
in the French city of Lyon.8 It could accom-
modate 12 patients. Pravaz named this ther-
apy “le bain d’air comprime.” He was of the 
opinion that these “compressed air baths” 
served to dilate the bronchi, thereby proving 
benefi cial in a wide range of pulmonary and 
related conditions, including tuberculosis.9

By the 1850s, great interest in compressed 
air therapy was apparent throughout much of 

              



CHAPTER 1 History of Hyperbaric Therapy 5

Western Europe. In 1855, Bertin constructed 
his own hyperbaric chamber and wrote the 
fi rst textbook describing this medical technol-
ogy.10 His facility attracted patients from as far 
away as North America. In 1875, Forlanini, rec-
ognized as the pioneer of artifi cial pneumo-
thorax in the treatment of tuberculosis, de-
scribed his “pneumatic institute,” which he 
had installed in Milan, Italy.11

As quickly as new diseases and illnesses 
were discovered, it seemed as if hyperbaric 
proponents suggested that the chamber rep-
resented its treatment or cure. Perhaps not 
surprisingly, a wave of enthusiasm spread 
rapidly, and chambers soon became opera-
tional in Scandinavia, England, Germany, The 
Netherlands, Belgium, and Austria.12

In 1879, Fontaine introduced a mobile hyper-
baric operating room; it was capable of accom-
modating up to 12 people.13 He suggested that 
this would allow surgery to extend from hospi-
tals to sanatoriums, and even into private homes. 
A prominent surgeon of the day, Pean, used the 
chamber to perform some 27 different types of 
surgeries over a 3-month period. All surgeries 
were considered successful, and it was reported 
that his hyperbaric patients recovered more 
quickly from the crude anesthesia of the day, 
experienced little vomiting, and had no cyano-
sis. These observations led to the planning of a 
large hyperbaric surgical amphitheater, one that 
would hold up to 300 people. It was never com-
pleted. Sadly, Fontaine became the fi rst known 
hyperbaric practitioner fatality after a construc-
tion accident while his hyperbaric amphithe-
ater was under construction.

A series of seemingly unrelated events par-
alleled the introduction of “compressed air 
baths.” These events were soon to converge 
and would eventually provide hyperbaric 
medicine with a fi rm mechanistic basis and its 
fi rst clear treatment indication.

COMPRESSED AIR CAISSON 
TECHNOLOGY

During the late 18th century, major changes 
in European and North American economy 
and society took place. This period was sub-

sequently termed the Industrial Revolution. 
These changes resulted from technologic ad-
vances in the use of iron and steel, the inven-
tion of new machines that would increase 
production and effi ciency, and the introduc-
tion of the factory system. Coal replaced 
wood as the primary energy source.

As these changes became widely adopted, 
the search for new sources of coal took on the 
frenetic pace that characterizes today’s search 
for oil and gas deposits. In northern France, 
sizable deposits of coal were discovered be-
neath the Loire River and below quicksand. 
Efforts to mine these deposits were hampered 
by the surrounding water table, which readily 
fl ooded mine shafts that penetrated the 
ground. Jean Triger, a French paleontologist 
and mining engineer, introduced a technology 
that was to overcome the fl ooding problem.14 
Triger’s technique was based on an idea that 
Sir Thomas Cochrane patented in 1830, which 
detailed the use of compressed air in tunnel-
ing through water-bearing strata.15

Triger’s design involved the connecting to-
gether of a series of 5-foot diameter circular 
steel rings to form a hollow shaft (Fig. 1.1). This 
shaft (or caisson, French meaning “box”) was 
lowered through mud and quicksand, with ad-
ditional rings added until the shaft came to rest 
on coal deposits beneath. The combined weight 
of the steel rings served to force the shaft down, 
as loose earth and sand was excavated away. The 
shaft was sealed with an “air lock.” Connected to 
the shaft and air lock was an air compressor. 
Compressed air would be introduced until the 
pressure within the shaft reached the pressure 
at the bottom of the shaft, expelling whatever 
water and moist sand was present.

The purpose of the air lock was to allow 
men to enter and exit the shaft without its 
loss of pressure and resultant fl ooding. Once 
men were inside the air lock and its outer 
hatch sealed, compressed air would be intro-
duced into the lock until its pressure equaled 
that of the previously pressurized mine shaft. 
The inner hatch of the air lock would then be 
opened and access to the shaft afforded. 
Excavated materials and coal were transferred 
out by reversing this sequence of hatch 
operation. In this manner, “dry” coal mining 
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pression sickness.16 At the time of Triger’s 
pioneering efforts, however, the fact that 
caisson exposures might result in decom-
pression sickness was not appreciated. After 
his own exposure on one particular occa-
sion, Triger noted the next day, “[K]nee pains 
appeared in the left side, and we felt a rather 
severe painful discomfort for several days 
afterwards.” He went on to note, “After we 
were quite free of these pains, we were anx-
ious to try the experiment again. At the same 
hour, this is, 20 hours after our exit from 
compressed air, we felt in the right side pains 
just like the former ones, which kept us 
numb for four or fi ve days.”17

Today, we recognize these complaints as 
common clinical manifestations of decompres-
sion sickness, a condition unknown to Triger. 
Similar complaints in compressed-air workers 
received little sympathy and were frequently 
considered to have coincided with some 
nightly excesses by the workers between their 
caisson shifts!18 Triger was fortunate that his 
injuries were reversible and not any more 
severe. However, worse results were soon to 
follow.

Some 64 workers were eventually employed 
in the caissons operating in Douchy, northern 
France. Several of them subsequently com-
plained of similar symptoms to those of Triger; 
one suffered complete paralysis of his arms 
and legs, lasting 12 hours, and two died. This 
newly introduced and valuable engineering 
technology was clearly outpacing medical 
science, and with fatal consequences.

By now, a relation between exposure to com-
pressed air and these complaints was being 
suggested. At the request of Triger, two physi-
cians, Pol and Watelle, went to the Douchy 
mines to study this phenomenon. Pol and 
Watelle would subsequently describe the medi-
cal problems encountered in these mines. They 
noted, among other things, “The danger does 
not lie in going into the compressed air. It is not 
a disadvantage to stop there a longer or shorter 
time.” Their fi ndings, published in 1854,19 repre-
sented the earliest observations of decompres-
sion sickness in humans. Although they missed 
the signifi cance of increasing exposure times, 
Pol and Watelle did acknowledge the veracity of 

became possible, and it opened up access to 
the greater sources of coal needed to fuel the 
expanding Industrial Revolution.

Ultimately, some of these caissons were 
pressurized to as high as 4.25 ATA (107 feet 
of sea water equivalent). With a typical 
4-hour work period, these caisson exposures 
placed the occupants at great risk for decom-

Figure 1.1 One of the fi rst caissons used in France. (Reprinted 
with permission of the Undersea and Hyperbaric Medical 
Society.)
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the miners who observed that they “pay only 
when leaving the caisson.”

Based on autopsy observations, Pol and 
Watelle considered the underlying problem as 
one of “superoxygenation and congestion.”19 
They further noted that decompression was 
necessary to produce symptoms and recom-
pression reduced symptom severity. This latter 
observation appeared to be based on state-
ments by injured miners to the effect that their 
symptoms would improve on returning to the 
pressurized mine shaft for their next shift.

It was another 15 years before anyone drew 
attention to a similar presentation to those 
seen in compressed-air workers and those 
occurring in divers, who likewise breathed 
compression air.20 Paul Bert, the dominant fi g-
ure of this period, was the fi rst to piece things 
together. Bert, another Frenchman, is consid-
ered by many to be the “father of pressure 
physiology,” yet his early career left no clues as 
to his ultimate legacy. He was fi rst an engineer, 
then a law student, before becoming one of 
Claude Bernard’s (the celebrated 19th century 
physician and scientist) most brilliant pupils. 
On graduation as a doctor of medicine and a 
doctor of science, Bert was appointed to suc-
cessive physiology positions at Bordeaux and 
the Sorbonne. His scientifi c activity was 
diverse, but his main achievements concerned 
the biological effects of barometric pressure. 
His classic work, La Pression Barometrique,21 
represented an enormously comprehensive 
investigation of the physiological effects of 
air under both increased and decreased at-
mospheric pressures. Applying Dalton’s and 
Henry’s gas laws,16 Bert recognized that too 
rapid a decompression from the air pressures 
encountered in these caissons induced a patho-
physiologic insult secondary to excess tissue 
nitrogen tensions.

Some 79% of atmospheric air is composed 
of nitrogen, which is largely inert. As envi-
ronmental pressures are raised, increased 
amounts of nitrogen (and other gases present 
in air) are delivered to the lung (Dalton’s 
Law). These gases are transferred to the blood 
and on to the tissues in their soluble state 
(Henry’s Law). Here, nitrogen, being largely 
inert, accumulates as a function of pressure 

and time. On return to normal atmospheric 
pressure (decompression), this accumulated 
nitrogen begins its return journey, along the 
same pathway, and still in its soluble state. 
If the rate of decompression becomes too 
great, tissues of the body and blood become 
supersaturated with nitrogen. Nitrogen may 
then evolve from its soluble form to a gas-
eous form, in a manner similar to the release 
of carbon dioxide when one opens a carbon-
ated beverage container. Resulting bubbles 
may traumatize critical tissues, obstruct vas-
cular fl ow, or coalesce. Resulting signs and 
symptoms will vary as a function of the 
amount of gas involved and its anatomic loca-
tion. The extent of the injury will range from 
joint discomfort to death.

Bert noted, “All symptoms, from the slight-
est to those that bring on sudden death, are 
the consequences of the liberation of bubbles 
of nitrogen in the blood, and even in the tis-
sues, when compression has lasted long 
enough.” He added, “The great protection is 
slowness of decompression. …”21 He was of 
the opinion that slowing the rate of decom-
pression would reduce the likelihood of this 
injury pattern, yet provided no guidance as to 
how best to do this. Specifi c measures would 
be introduced in the coming decades.

Bert’s second signifi cant contribution to 
the practice of hyperbaric medicine was his 
identifi cation of the toxicity of oxygen on the 
central nervous system when applied at pres-
sures in excess of approximately 1.75 ATA.21 A 
range of premonitory signs and symptoms 
now identify such toxicity. Unless the partial 
pressure of oxygen is quickly reduced, a grand 
mal seizure may result. This complication of 
hyperbaric oxygenation is frequently referred 
to as the “Paul Bert effect.” Central nervous 
system oxygen toxicity would not become 
clinically important for several decades, when 
suffi ciently high partial pressures of oxygen 
were used clinically.

The compressed air caisson concept was 
quickly grasped by civil engineers as a tool that 
would allow them to undertake projects not 
otherwise possible. Bridges could now be de-
signed to cross large bodies of water, with sub-
merged caissons providing support for columns 
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that held up the bridge spans. Underground 
mass transit systems would now be built within 
water table areas.

Unfortunately, news of the caisson con-
cept traveled more quickly than news of the 
complications resulting from inadequate 
decompression from compressed-air envi-
ronments. Paul Bert’s suggestion that slowed 
decompression was of value in reducing the 
incidence of decompression injury was not 
published for several years, and then fre-
quently not accepted or fully embraced. Not 
surprisingly, signifi cant morbidity and mor-
tality would plague subsequent compressed-
air–based construction projects.

The building of the world’s fi rst steel arch 
bridge span, constructed in St. Louis, Missouri, 
and crossing the Mississippi River, was a case in 
point.22 Construction on the bridge began in 
1869. The caisson used for construction had its 
walls and roof reinforced; however, there was 
no fl oor. Once the caisson had been maneu-
vered into place, weight was added to its roof 
until it sank. Compressed air was introduced 
into each caisson to displace the water; then 
workers entered through an air lock to dig 
away the loose material beneath. The caisson’s 

weight continued to force it down until bed-
rock was reached. Once this occurred, the cais-
son was fi lled with concrete, which then 
formed the foundation for each bridge support 
column (Fig. 1.2). Manned exposures within 
the bridge support caissons reached 4.45 ATA 
(the equivalent of 114 feet of sea water.23

With exposure times of several hours, resul-
tant nitrogen loading was frequently physio-
logically intolerable at the higher pressures. Of 
the 352 workers so exposed, 5% died and an-
other 10% suffered serious forms of de-
compression sickness. Because construction 
had commenced before the publication of 
La Pression Barometrique, one might appre-
ciate why morbidity and mortality would be as 
high as it was. There was simply no local 
knowledge of an association between decom-
pression from compressed-air exposure and 
decompression sickness. Further complicating 
the issue was that this project involved signifi -
cantly higher pressures (greater nitrogen load-
ing) than its European counterparts. The 
bridge’s designer, and head of its construction, 
James Eads, for whom the bridge was named, 
asked his physician friend to investigate these 
caisson-related mishaps. Dr. Alphonse Jaminet 

Figure 1.2 The Eads Bridge, the fi rst 
bridge to span a body of water using cais-
son technology. (Courtesy Paul Piaget, 
Photographer, 1968. Historic American 
Buildings Survey, HABS No. MO-1190.)
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subsequently made many descents into the 
Eads Bridge caissons.23 On one such occasion 
he spent in excess of 2 hours at a pressure 
greater than 4.0 ATA. Subsequent decompres-
sion took only 4 minutes, which by today’s 
standards would be quite rapid. On exiting the 
caisson’s air lock, Jaminet became paralyzed 
and aphasic, implying decompression sickness 
involving the brain and spinal cord.24 He was 
fortunate to eventually recover much of his 
premorbid function.

The second caisson project of note, from a 
decompression injury perspective, was in the 
building of the Brooklyn Bridge, which spans 
the East River.25 Work began in 1870 and 
lasted 13 years. As with the construction of 
the Eads Bridge, the Brooklyn Bridge caissons 
were much larger than their European coun-
terparts and involved higher ambient air pres-
sures. The Brooklyn Bridge project was super-
vised by Washington Roebling, who assumed 
this responsibility on the death of his father 
John Roebling, one of the bridge’s principal 
designers. The younger Roebling was aware 
of the serious medical complications associ-
ated with the Eads Bridge. He decided, there-
fore, that an on-site physician was necessary, 
and engaged Dr. Andrew Smith. Although 
Smith’s tenure lasted only 5 months, he was 
faced with 110 cases of decompression 
injury, which he termed caisson disease. 
Smith fi rst published his clinical experiences 
in 1870.26 Smith’s observations provided early 
and valuable insight into the various presen-
tations of decompression sickness. Roebling 
himself suffered permanent paralysis as a 
result of his visits to the caissons, and ulti-
mately succumbed to sepsis secondary to 
pressure ulcers.

Of the two Brooklyn Bridge caissons, the 
one on the Manhattan side ended up consider-
ably deeper, eventually reaching 35 pounds per 
square inch gauge (psig; 3.38 ATA). Bedrock 
was fi rst encountered at 33 psig (3.24 ATA). 
Just 1.0 psig deeper two fatalities occurred, 
with both men dying soon after exiting the 
caisson. At 35 psig (3.38 ATA), a third man died. 
Roebling decided, therefore, to halt any further 
evacuation even though bedrock was not uni-
formly exposed across the base of the caisson. 

This turned out to be a reasonable compro-
mise as both the bridge and Roebling’s reputa-
tion remain intact today.

One lost opportunity was Smith’s recom-
mendation that a recompression chamber, fed 
by the caisson’s air compressors, be made avail-
able. He was clearly of the opinion that 
improvement occurred in injured miners who 
returned to the pressurized caisson. Smith’s 
position was that an on-site recompression 
chamber would allow treatment to be insti-
tuted immediately on presentation rather than 
the miner waiting for the next day’s shift for 
possible and likely limited benefi t while back in 
the caisson. Had Smith insisted on its availability, 
it is possible that one or more of the Brooklyn 
Bridge fatalities might have been avoided and 
many of the other serious injuries successfully 
treated. Had he gone one step further and 
argued that his chamber idea also be incorpo-
rated into the caisson itself, he would have bet-
ter controlled decompression and been the fi rst 
to actually prevent many cases of decompres-
sion sickness. He had, after all, observed that 
one clear cause was “the transition to normal 
atmospheric pressure, after prolonged sojourn 
in a highly condensed atmosphere.”27

Controlled decompression via a medical 
lock built into the caisson fi rst occurred sev-
eral years after Smith’s observations, and just 
a few miles away. New York’s Hudson River 
tunnel was the fi rst tunnel to be constructed 
using compressed-air technology.28 In its lat-
ter stages, it was also the fi rst caisson to in-
corporate a decompression chamber into the 
top of the caisson shaft. This project was like-
wise the scene of enormous decompression 
morbidity and mortality before the decom-
pression chamber became operational. Work 
commenced in 1879, several years before 
the completion of the Brooklyn Bridge, and 
on the opposite side of Manhattan. In 1882, 
Moir28 observed that “the men had been dying 
at a rate of one man per month, out of 45 or 
50 men employed, a death rate of about 25% 
per annum” (p. 574). Work stopped this same 
year. It was not the result of any medical, 
legal, or employment issue. It was something 
more fundamental. The construction com-
pany had simply exhausted its funds.
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Alternative fi nancial support was acquired 
several years later, and work recommenced in 
1889. At this point, a decompression chamber 
had been installed into the top of the caisson. 
It was used to carefully control the decom-
pression rate from pressures now ranging 
from 30 to 35 psig (3.0–3.38 ATA). It was also 
used to treat cases of decompression sickness, 
by recompression. There were only two more 
deaths in the following 15 months,29 and 
cures were affected in some cases of decom-
pression sickness by using the chamber 
to recompress workers (the forerunner of 
the work-site recompression chamber). These 
cases of decompression sickness were suc-
cessfully treated by using as its mechanistic 
basis the inverse relation of pressure and vol-
ume described by Boyle’s Law.16

Between 1906 and 1908, construction of 
two more New York tunnels took place, both 
under the East River. Pressures reached 42 psig 
(3.86 ATA) and frequently involved twice-daily 
exposures. Despite the more gradual decom-
pression process in use at this time, decom-
pression sickness climbed in concert with 
the higher pressures and twice-daily expo-
sures. Keays reported enormous morbidity and 
mortality, involving more than 3500 cases and 
20 fatalities from some 500,000 manned 
caisson compressions.30

In the following two decades, decompres-
sion chambers became an integral part of 
caisson technology, and an increasing num-
ber of these chambers were constructed to 
function independent of the caisson. This 
would permit treatment of those who exited 
the caisson and became symptomatic with-
out the need to return to it, thereby interfer-
ing with its routine operation. Although more 
gradual caisson decompression rates had by 
now become commonplace, the actual pro-
cess was by no means uniform.

It was not until 1907 that some form of 
order was established. The British Admiralty, 
eager to capitalize on high-pressure environ-
ments for military diving, engaged J. Scott 
Haldane to investigate air decompression pro-
cedures. With colleagues Boycott and Damant, 
Haldane’s work led to the fi rst standardized 
set of decompression tables.31,32

From this point forward the navies of the 
world took a leading role in improving the 
safety of exposure to compressed-air environ-
ments and advancing depth and time expo-
sures, to undertake a wide range of deep-sea 
diving operations. Civil engineers readily ad-
opted navy decompression procedures and 
their variants. Testament to the effectiveness of 
Haldanian-based decompression tables was the 
subsequent and signifi cant reduction in the 
incidence of decompression sickness. The con-
struction of the Dartford Tunnel in southern 
England during the 1950s was characteristic of 
improved morbidity and mortality. The decom-
pression sickness incidence rate was just 0.50% 
(689 cases in 122,000 compressions, of which 
only 35 were considered to be serious).33

HYPERBARIC MEDICINE

Several “fi rsts” are attributed to J. Leonard 
Corning, a New York neurologist. In the late 
1880s, he was the fi rst to introduce “com-
pressed air baths” in the United States.34 His 
6-foot diameter hyperbaric chamber was the 
fi rst to operate with an electrically powered 
air compressor, and he would eventually be-
come more widely recognized as the fi rst to 
use spinal anesthesia.

Corning’s interest in hyperbaric medicine 
stemmed from his visits to the Hudson River 
Tunnel construction site. He observed numer-
ous cases of paralytic decompression sickness, 
leading him to consider this condition as 
essentially an affl iction of the spinal cord. Corn-
ing clearly saw promise in the ability of air 
recompression to resolve many of these cases, 
and he chose to use compressed-air therapy for 
a broader range of nondecompression-related 
brain and spinal cord illness and disease. This 
may have been based on his opinion that com-
pressed-air workers exhibited “a striking exac-
erbation of mental and physical vigor.”34

Corning’s hyperbaric treatments would last 
from 1 to 2 hours, involving pressures of up to 
3.0 ATA. Corning34 certainly recognized the 
risk for decompression sickness and ensured 
“that fi fteen to twenty minutes are consumed 
in the operation of reducing the pressure in 
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the chamber” (p. 229). Corning appeared to use 
the chamber more as a facilitator of various 
medicinal solutions in the treatment of ner-
vous and mental conditions than as stand-alone 
compressed-air therapy. Although he appeared 
to believe that some additive or synergistic 
benefi t existed, his hyperbaric practices failed 
to impress the medical establishment. Within 
several years, use of hyperbaric air chambers 
for conditions other than decompression sick-
ness was largely discontinued; however, cham-
ber use for nondecompression-related condi-
tions would soon return.

In the waning months of World War I an infl u-
enza pandemic swept the world. It has been 
estimated that between 25 and 50 million 
people died. In the United States alone, more 
than 500,000 people died of infl uenza. Orval 
Cunningham, chairman of the Department of 
Anesthesiology at Kansas University Medical 
School who was recognized as an “excellent 
teacher and practitioner of anesthesiology and 
remarkably keen clinical observer” (p. 40),35 
noted that the pandemic’s morbidity and mor-
tality rates were greater in areas of high eleva-
tion than they were in coastal regions. This ob-
servation intrigued Cunningham. He considered 
the only signifi cant variable to be a change in 
barometric pressure. To determine whether this 
was a clinically signifi cant event, he borrowed a 
hyperbaric chamber from a local bridge con-
struction company. Beginning in 1918, he treated 
moribund infl uenza patients in the chamber 
with seemingly encouraging results: “Patients 
whose lips bore the blue-black livid stamp of the 
kiss of death and were deeply unconscious, but 
if not too far beyond the brink, in a matter of 
minutes were brought back to normal color and 
to a return of consciousness.”35

These fi ndings stimulated Cunningham. He 
eventually acquired a larger chamber and con-
tinued to report encouraging improvements 
in these cases. Cunningham’s “validation” of 
hyperbaric treatments as essential in infl uenza 
may have stemmed from one unfortunate and 
tragic event. His patients would occasionally 
spend many days to several weeks at a time 
under the chamber’s elevated air pressures. 
One night a mechanical failure brought the 
air compressors to a standstill. The chamber’s 

pressure decreased rapidly to normal atmo-
spheric pressure. All its occupants died. Cun-
ningham was now convinced that hyperbaric 
air alone had kept these patients alive, and they 
had died because they could not be supported 
on leaving it.35 A modern analysis would de-
duce that death resulted from the overwhelm-
ing effects of decompression sickness second-
ary to high nitrogen tensions, as well as possible 
cases of pulmonary barotrauma of ascent.

As the pandemic ebbed and pulmonary 
cases decreased, Cunningham sought out other 
conditions to treat with hyperbaric air. It was 
unlikely that he was initially motivated by 
profi t. As an anesthesiologist, he had rarely 
billed his patients, preferring to accept what-
ever was offered. He seemed to be of the opin-
ion that inhalation of compressed air offered a 
meaningful therapeutic option.

Cunningham went on to treat arthritis, glau-
coma, pernicious anemia, diabetes, syphilis, and 
certain cancers. His rationale was that arthritis 
was likewise infl uenced by alterations in baro-
metric pressure and anaerobic bacteria were 
at the center of these other conditions.35 
Cunningham may have based his assumptions, 
in part, on Bert’s observations that oxygen con-
tent varied throughout the body, and that lower 
oxygen tensions were evident in bone and con-
nective tissue.21

One grateful patient, a close friend of 
a wealthy industrialist, who was “cured” 
by Cunningham, provided Cunningham the 
fi nancial means to make his hyperbaric treat-
ments more widely available. The result was 
the construction of the fi rst in a planned 
series of huge chambers to be located across 
the country. The Timken-Cunningham Ball 
stood fi ve stories high and 64 feet in diameter. 
Each fl oor had 12 bedrooms and the ameni-
ties of a good hotel.36

Cunningham’s activities generated a great 
deal of interest within the lay community and 
an equal amount of concern within the medi-
cal establishment.35,36 Cunningham did noth-
ing to assuage his critiques by submitting 
clinical data requested of him for peer review. 
His only report related to hyperbaric medicine 
was published in 1927.37 In this report, he 
argued the basis for his treatment approach 
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but provided no supportive data and only a 
passing “outcomes” comment that “we have 
had encouraging results with fi ve of twenty-
seven cases of hopeless carcinoma.”37

Cunningham was further challenged to pro-
duce more substantive data by the American 
Medical Association’s Bureau of Investigation. 
Efforts by the American Medical Association 
continued without success, leading them to 
eventually censor Cunningham in 1928.38 
Cunningham subsequently closed his hyper-
baric practice, and fi nally retired in 1935. Two 
subsequent owners attempted to keep this 
hyperbaric facility viable, but it was eventually 
abandoned in 1936. The chamber was subse-
quently used as a conventional hospital before 
closing permanently in 1940. Two years later, 
it was scrapped. This essentially marked the 
end of the compressed-air era of hyperbaric 
medicine for therapeutic purposes other than 
the treatment of decompression sickness.

EARLY HYPERBARIC OXYGEN 
THERAPY

The fi rst practice of hyperbaric oxygen ther-
apy is attributed to a South American whose 
contributions remain largely overlooked 
today. Although he is arguably deserving of 
the title “father of hyperbaric oxygen therapy,” 
this accolade has been bestowed on the 
Dutch cardiovascular surgeon Ita Boerema, 
whose involvement in hyperbaric medicine, 
albeit considerable, did not begin until more 
than 20 years later. In 1934, the Brazilian 
Academy of Sciences held a special meeting 
in honor of the recently deceased Madam 
Curie. A Brazilian physician, Álvaro Osório 
de Almeida, who had trained under Curie 
(and several of Paul Bert’s disciples) and had 
become her close friend, spoke at the meet-
ing. His presentations were of particular 
interest to this audience in that they ad-
dressed hyperbaric oxygen–induced central 
nervous system toxicity, work he undertook 
as a prelude to treating cancer patients with 
hyperbaric oxygen.39,40

It was probably not high ambient air pres-
sures that attracted de Almeida to hyperbaric 

medicine; rather, it was the ability of the 
chamber to deliver high amounts of oxygen. 
De Almeida hypothesized that malignant cells 
would be sensitive to high doses of oxygen. 
Initially, he sought to determine whether 
higher organisms could safely tolerate the lev-
els of oxygen he considered necessary to in-
jure malignant cells.41,42 De Almeida reported 
that experimentally implanted tumors in rats 
invariably “softened” after repeated exposures 
to 6.0 ATA oxygen for 3 hours. Tumor breakup 
was perceptible after several days, with some 
resorption of tumor mass. Encouraged, de Al-
meida quickly moved on to human studies.42 
This proved more complicated, as 6.0 ATA 
oxygen was clearly too toxic an exposure 
level. Greatly increased sensitivity to oxygen 
was apparent, even when a strict dietary 
intake (200 daily calories) was enforced.

Not deterred, de Almeida attempted to 
combine radiation therapy and a hyperbaric 
dose of 3.0 ATA.43 Madam Curie was able to 
make available radium for his studies, which 
was carried to Rio de Janeiro in the hand lug-
gage of his friends, colleagues, and family 
members! His human work led him to con-
clude that the effects of combination hyper-
baric oxygen and radium therapy are “greater 
than just the effects of one summed up with 
the effects of the other.”43

De Almeida also studied the effects of 
hyperbaric oxygen on leprosy44 and gas gan-
grene.45 It was necessary to conduct all of this 
research in the basement of his home to avoid 
the stigma of being labeled a “dog doctor,” 
which was commonly directed at academics 
during this period.

Despite publishing his work in three differ-
ent languages, de Almeida’s pioneering appli-
cation of hyperbaric oxygen therapy goes 
largely unnoticed today.

DIVING MEDICINE

The U.S. Navy began experimenting with 
hyperbaric oxygen in the treatment of de-
compression sickness soon after de Almeida, 
reporting their early experience in 1937.46 
Behnke and Shaw were clearly cognizant of 
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the ability of air recompression to resolve 
many, particularly less severe, cases of decom-
pression sickness. They were dissatisfi ed, 
however, with the greatly extended decom-
pressions necessary to safely return the 
patient and his attendants to the surface. 
Decompressions in excess of 24 hours were 
not uncommon.

Others, beginning with Bert,21 had sug-
gested that oxygen replace air during the treat-
ment process. Behnke and Shaw became the 
fi rst to attempt this. Their work resulted in 
treatment recommendations based on severity 
of injury, and included the fi rst application of 
nitrogen-oxygen mixtures other than air.46 An 
important aspect of this early work was the 
identifi cation of safe time-dose oxygen expo-
sure limits—that is, exposure to the highest 
oxygen pressure for the longest period with 
minimum possible risk for central nervous 
system oxygen toxicity.47 Subsequent navy in-
terest in oxygen extended to accelerating the 
decompression process to improve effi ciency 
(time spent working vs time spent decom-
pressing) and safety (getting the diver out of 
the water more quickly).16

Signifi cant reductions in in-water decom-
pression time resulted. Eventually, the prac-
tice of oxygen-enhanced decompression was 
extended to surface oxygen decompression 
procedures.16 With these procedures, the 
diver exits the water well in advance of the 
time normally required for standard in-water 
air decompression to be completed. Once at 
the surface, the diver is immediately recom-
pressed in a waiting hyperbaric chamber. 
Oxygen breathing is instituted, and subse-
quent decompression conducted. The stage 
used to recover the diver is now free to trans-
port the next diver to the work site. Although 
this process appears hazardous—that is, exit-
ing the water before elimination of what 
would normally be considered suffi cient tis-
sue nitrogen to surface safely—the incidence 
of decompression sickness is no greater than 
that associated with standard in-water air de-
compression.47 One might argue that planned 
surfacing in such a manner would set the 
disease process in motion and is, therefore, 
dangerous. Others could counter that it is 

actually safer to do this, rather than undergo 
in-water decompression, in that the diver is 
no longer in a relatively hazardous environ-
ment, and his or her subsequent decompres-
sion can be more carefully controlled.

The next signifi cant evolution in military 
diving and oxygen use occurred in 1960. 
Until that time, recompression of those suf-
fering decompression sickness was com-
monly accomplished with patients breathing 
compressed air, with only limited oxygen 
exposures, despite Behnke and Shaw’s46 en-
couraging work with animals.

By the 1960s, a disturbing trend in U.S. 
Navy recompression treatment experience 
had become apparent. Treatment table failure 
rates were steadily climbing and were attrib-
uted, in part, to increasing intervals between 
symptom onset and therapeutic compres-
sion.48 Delays were particularly common in 
recreational divers, whereas military and pro-
fessional divers invariably work from a diving 
platform that incorporates recompression 
capability. The interval between symptom 
onset and therapeutic compression, therefore, 
is brief. Recreational divers rarely have such 
readily available support, frequently diving in 
medical and geographic isolation. Provision of 
treatment in these cases can be delayed from 
many hours to several days.

Goodman, Workman, and their colleagues49 
tackled the issue of lengthy decompressions 
from treatment pressure and treatment table 
failure rates. Their work culminated in the 
adoption by the U.S. Navy of the Minimal-
Recompression Oxygen-Breathing treatment 
tables. These treatment tables remain in use 
today and are employed internationally.

RADIATION SENSITIZATION

During the early 1950s, several observations 
laid the groundwork for the introduction of 
hyperbaric oxygen as a radiation sensitizer. 
Gray and colleagues50 observed that curability 
of small animal tumors with radiotherapy is 
limited by the radioresistance of the portion 
of cells that retain their reproductive integrity. 
Tumor cell sensitivity to irradiation was seen 
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to increase when experimental mice breathed 
hyperbaric doses of oxygen.

Gray’s group51 further observed that radio-
biological damage demonstrates dependence 
on the concentration of oxygen in the imme-
diate vicinity of tumor cells at the time of 
radiation. It soon became evident that many 
solid tumor cell populations exist within a 
wide range of oxygen tensions.52

These fi ndings were suffi ciently encourag-
ing to warrant an early clinical trial. This was 
undertaken at St. Thomas’s Hospital in London, 
England, by Churchill-Davidson, Sanger, and 
Thomlinson.53 Their protocol included placing 
patients into barbiturate coma to limit the 
likelihood of oxygen seizures and inserting 
tympanic membrane ventilation tubes to avoid 
ear barotrauma. Patients were then placed into 
a naval diving chamber modifi ed to accommo-
date a recessed Perspex window, and its pres-
sure was increased with oxygen to 3.0 ATA.54

It was through this window that X-rays 
were delivered in a single treatment to breast 
and lung cancers, the only tumor sites that 
would “match” the viewport. A unique method 
was used to assess any difference afforded by 
hyperbaric oxygen. Only patients with tumors 
large enough to be divided into two were 
recruited. Half of the tumor was irradiated 
conventionally, whereas the other half was 
shielded. Shielding was reversed and the sec-
ond half of the tumor irradiated while the 
patient was exposed to hyperbaric oxygen.53 
Within 2 years, this group was able to report 
35 patients successfully managed in this way.55 
Damage to the tumor areas irradiated in the 
chamber was more pronounced.

Great interest in this method of radiation 
delivery resulted,56–59 but radiation oncologists 
were invariably frustrated by the lack of “ana-
tomic visibility” afforded by the small and lim-
ited number of windows available in the largely 
steel hyperbaric chambers of the day. Such was 
the interest in hyperbaric oxygen radiosensiti-
zation that access to all tumors, regardless of 
where they were anatomically, was sought. 
Industry was challenged, and it responded by 
adding more windows into purpose-built cham-
bers. By the early 1960s, a completely acrylic 
hyperbaric chamber had been produced.

Within a decade of the advent of hyper-
baric oxygen radiation sensitization, doubts 
about its safety were being expressed. Some 
suggested that the incidence of new primary 
tumors and metastatic disease appeared 
to be greater in those patients irradiated in 
hyperbaric chambers.60,61 Coupled with an 
apparent lack of consistent survival advan-
tage, the introduction of alternative radia-
tion sensitizers, and a lack of uniformity in 
radiation dosing (making comparisons diffi -
cult), interest in hyperbaric radiation sensiti-
zation waned, and had largely ceased by the 
mid-1970s.

CARDIAC SURGERY

The decade of the 1950s witnessed another 
signifi cant hyperbaric event, one that resulted 
in the identifi cation of a second therapeutic 
mechanism. Boerema’s62 introduction of con-
trolled hypothermia had served to double the 
ischemic time from normothermic cardiac 
surgery. This doubling, however, still repre-
sented only a total of approximately 5 minutes. 
Boerema’s search for more effective methods 
led him to consider hyperbaric oxygenation. 
He was aware of the practice of hyperbaric 
oxygen therapy as it related to the treatment 
of decompression sickness.

Using a small-animal chamber, he fi rst dem-
onstrated that dogs could tolerate much longer 
periods of cardiac arrest when both cooled and 
exposed to 3.0 ATA oxygen.62 His foundation 
for hyperbaric dosing would be the work 
by Behnke and Shaw,46 who had proposed 
3.0 ATA for 3 hours as the upper safe threshold 
to avoid overt central nervous system oxygen 
toxicity. He next exposed pigs to this same pres-
sure where they underwent exchange transfu-
sion, fi rst using plasma. He later switched to 
Macrodex, adding salts to produce a Ringer’s-
like solution. Although hemoglobin levels 
declined to essentially zero, there was clearly 
suffi cient oxygen transport within plasma 
to support oxygen-dependent functions. This 
work was published in the fi rst issue of Journal 
of Cardiovascular Surgery, under the title 
“Life Without Blood.”63
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By 1959, Boerema and colleagues64 were 
performing cardiac surgery on infants and 
adults with a specially built hyperbaric operat-
ing room (Figs. 1.3 and 1.4). Successful cross-
clamp ischemic times of between 13 and 14 
minutes were achieved. Hyperbaric operating 
rooms were soon installed in many hospitals 
throughout the world.

Bernhard and colleagues65 at Harvard 
Medical School were the fi rst to perform hy-
perbaric cardiac surgery in the United States 
in 1963. They developed several complemen-
tary techniques, one a miniature extracorpo-
real circulation oxygenator that they used 
successfully with hyperbaric oxygenation 
and hypothermia. Soon thereafter, Bernhard’s 
group65 was routinely operating on infants 
with congenital cardiac abnormalities. Pres-
sures between 3.0 and 3.6 ATA were used 
and titrated to overcome low arterial oxygen 
levels. The greater the degree of cyanosis, 
the higher the pressure. In accordance with 
Boerema’s protocol, compression would be-
gin once the chest was opened. Decompres-
sion commenced on repair of the defect and 
before closure of the thoracotomy, and took 
up to 150 minutes.

During this period of hyperbaric cardiac 
surgery enthusiasm, steady advances in the 
development of extracorporeal circulation 
devices were under way. By 1960, this tech-
nology was considered safe enough to sup-
port coronary artery bypass grafting, usually 

in conjunction with controlled hypothermia. 
Over the ensuing decade, the practice of 
hyperbaric surgery began to falter. Its disad-
vantages, namely, higher costs, risk for 
decompression sickness, ear barotrauma, 
and confi nement anxiety issues (Boerema 
found that some 50% of those who would 
otherwise have been considered hyperbaric 
team members could not suffi ciently toler-
ate its environment), became diffi cult to 
justify. Extracorporeal circulation technol-
ogy eventually won the day.

What remained, however, was a second and 
important hyperbaric oxygen–induced thera-
peutic mechanism. Boerema had conclusively 
demonstrated that large volumes of oxygen 
could be transported in simple solution and in 
the absence of hemoglobin.63 This effect 
would eventually become the treatment basis 
for acute carbon monoxide intoxication, crush 
injuries and other acute ischemias, inade-
quately perfused skin fl aps, and exceptional 
blood loss anemia.

Although the ability of hyperbaric therapy to 
increase blood oxygen transport is intuitive to-
day, only 20 years before Boerema’s fi ndings 
this concept had been ridiculed. According to 
the highly respected chairman of the University 
of Chicago Department of Medicine in a letter 
to the editor of Journal of the American Medi-
cal Association,66 “[T]he claim that the method 
(hyperbaric therapy) has any effect on oxygen 
supply or oxygen tension in the tissues is 

Figure 1.3 Boerema’s hyperbaric 
operating room being delivered via an 
Amsterdam canal to Hospital Wilhelmina 
Gasthius. (Permission granted by Best 
Publishing Company, Bakker DJ and 
Cramer FS: Hyperbaric Surgery, 
Perioperative Care, Flagstaff, Ariz, 2002.)
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absurd. To claim that oxygen may be made to 
reach tissues at higher tensions is only to dis-
play ignorance of the mechanism by which 
oxygen is transported to and given off to the 
tissues”(p.1808). Even in the 1960s, some scien-
tists remained convinced that the only way to 
increase oxygen delivery was to increase hemo-
globin. They thought that dissolved oxygen was 
insignifi cant in oxygen transport.67

CLINICAL HYPERBARIC MEDICINE

Several members of Western Infi rmary’s 
Department of Surgery, Glasgow, Scotland, 
extended the investigation of hyperbaric 
oxygen therapy during this period, with 
an emphasis on acute ischemias.68–72 Using 
a converted autoclave, Smith and Lawson 
studied the effects of hyperbaric oxygen-
ation in a dog model of coronary artery 
occlusion.71 After ligation of the circumfl ex 
coronary artery, dogs were randomized to 
receive 2.0 ATA oxygen or normal atmo-
spheric air. They reported that 90% of the 
hyperbaric group was protected from the 
ventricular fi brillation that killed 60% of 
control animals. Similar fi ndings were re-
ported elsewhere.73

The fi rst clinical experience of hyperbaric 
oxygen in the treatment of acute myocardial 
infarction was reported in 1962 by the Glasgow 

group, initially involving a single patient.70 

Within 2 years they were able to report a ran-
domized trial involving 36 cases, 18 treated at 
2.0 ATA oxygen and 18 control subjects. No 
statistically signifi cant difference was observed 
between the groups.74

Hyperbaric oxygen has, however, continued 
to be of research interest in myocardial infarc-
tion over the ensuing years. It has been found 
somewhat benefi cial when used in concert 
with thrombolytic agents in both animals75 
and humans,76,77 and as a method to reduce 
complications after stent placements.78 The 
current role of hyperbaric oxygen therapy in 
acute coronary syndrome has recently been 
reviewed.79

It is somewhat surprising that it took until 
1960 to treat the fi rst human carbon monoxide 
poisoning with hyperbaric oxygen. Haldane80 
had demonstrated its value in animals some 
50 years earlier. Subsequent animal studies 
determined that hyperbaric oxygen hastened 
the elimination of carbon monoxide from blood 
and provided suffi cient plasma-borne oxygen to 
overcome failure of hemoglobin transport.81–83 
Pace and coworkers84 confi rmed these effects 
in healthy human volunteers.

The Glasgow group’s fi rst two carbon mon-
oxide patients were particularly compromised. 
Their prompt recovery was attributed to treat-
ment with 2.0 ATA oxygen therapy, and 
this dose of oxygen soon became a treatment 

Figure 1.4 Inside Boerema’s enormous 
hyperbaric operating room. (Permission 
granted by Best Publishing Company, 
Bakker DJ and Cramer FS: Hyperbaric 
Surgery, Perioperative Care, Flagstaff, 
Ariz, 2002.)
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standard at Western University. By 1962, their 
case experience had grown to 22 patients.85

ANTIMICROBIAL EFFECTS

Shortly after he introduced hyperbaric cardiac 
surgery, Boerema86 used his chamber to treat a 
“hopeless” case of gas gangrene, that is, hope-
less in that limb amputation was not an option. 
Boerema elected to use hyperbaric oxygen 
therapy at 3.0 ATA for 2 hours daily. A dramatic 
arrest of the advancing infection was observed, 
and systemic toxicity soon resolved. Boerema, 
Brummelkamp, and colleagues subsequently 
accumulated 40 cases87 and then 80 cases.88 
In most patients, Clostridial perfringens was 
the primary organism. The use of oxygen to 
treat gas gangrene was, however, not new; 
it too had been injected directly into infected 
tissues of soldiers during World War I, used by 
Hinton in the same manner 30 years later,89 
and had already been delivered hyperbarically 
by de Almeida.45

The somewhat arbitrary selection of 3.0 ATA 
as the treatment pressure appeared fortuitous. 
Van Unnik90 subsequently showed that alpha 
toxin production by Clostridial perfringens 
was inhibited, although not arrested, at 3.0 ATA, 
but not at lesser pressures.

A growing body of animal and clinical evi-
dence followed. It became apparent that the 
action of hyperbaric oxygen was based on the 
formation of oxygen free radicals in the relative 
absence of free radical degrading enzymes 
such as superoxide dismutases, catalases, and 
peroxidases.91–93 Although hyperbaric oxygen 
does not kill clostridia directly, it is bacterio-
static in vivo and in vitro.94–96 In a dog model, 
the greatest reduction in morbidity was 
achieved when hyperbaric oxygen was com-
bined with antibiotics and surgery.97

Hyperbaric oxygen was subsequently re-
ported to be useful in the treatment of chronic 
osteomyelitis. Experimental work and clinical 
experience demonstrated enhanced osteo-
genesis,98,99 improved bacterial cell wall anti-
biotic transport,100 and heightened leukocyte-
mediated killing of aerobic organisms.101

Application of the antimicrobial properties 
of hyperbaric oxygen was extended to the 
treatment of necrotizing soft-tissue infections 
caused by aerobic, anaerobic, and mixed bac-
terial fl ora.102–104

WOUND HEALING

In 1965, in Japan, Wada and colleagues105 
reported an observation that was to have a 
profound effect on the practice of hyperbaric 
medicine. Survivors of a coal mine fi re with 
carbon monoxide poisoning were treated with 
hyperbaric oxygen. Some of these miners suf-
fered concurrent burns. It was the impression 
of Wada’s group that those patients treated 
with hyperbaric oxygen enjoyed improved 
burn wound healing compared with those 
burned miners who did not require hyper-
baric oxygen therapy for carbon monoxide 
poisoning.

This observation prompted several investiga-
tors to study the potential of hyperbaric oxygen 
in animals, invariably involving a second-degree 
burn model. Hyperbaric oxygen was found to 
reduce burn wound edema,106 improve healing 
time,107 reduce infection rates,107 produce an 
earlier return to capillary potency, and mini-
mize infl ammatory response.108

Published clinical experience was slow to 
accumulate. One small, randomized trial dem-
onstrated reduced fl uid requirements, faster 
healing rates, and reduced mortality rates.109 
Other reports, largely retrospective, suggested 
reduced skin grafting requirements,110 low-
ered mortality and reduced hospital stays,111 
reduced infection rates,112 and lower costs113 
when hyperbaric oxygen was incorporated 
into standard burn care management.

Despite these purported benefi ts, hyperbaric 
oxygen therapy has not been embraced by the 
burn wound community. It is possible that is-
sues involving patient stabilization and manage-
ment requirements, patient absence from the 
tightly controlled burn care environment, and 
concern about cross-contamination demand 
better scientifi c support before hyperbaric oxy-
gen is accepted as treatment for burn victims.
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Having initially concerned themselves with 
acute ischemias, the Glasgow group extended 
their interest in hyperbaric oxygen therapy to 
chronic obliterate vascular disorders. Some 
modest successes were reported in ischemic 
ulcers, but overall results were disappointing. It 
was hypothesized by others at Western Univer-
sity that a possible explanation for the lack of 
apparent benefi t from hyperbaric oxygen was 
due to its vasoconstrictive effect. Blood vessels 
of the eye had been observed to constrict 
while volunteers breathed 100% oxygen under 
normal atmospheric conditions.114 The same 
effect was observed within the cerebral vascu-
lature and magnifi ed at 3.5 ATA oxygen.115 If 
blood fl ow to the limb was reduced in the 
same way, it was proposed that the benefi t of 
hyperbaric oxygen to increase oxygen content 
might be lost.116 Should this be the case, it 
might explain the failure of hyperbaric oxygen 
to produce improvement in patients with 
peripheral vascular disease.

Using young healthy volunteers, Bird and 
Telfer116 measured forearm blood fl ow by 
occlusion plethysmography at 1.0 and 2.0 ATA 
oxygen. Mean blood fl ow decreased by 11.2% 
and 18.91%, respectively. The authors con-
cluded that a homeostatic mechanism existed 
in ischemic limbs. As oxygen content is in-
creased, blood fl ow correspondingly decreases, 
so that hyperbaric doses of oxygen never reach 
ischemic tissues.

Unfortunately, these researchers were un-
able to measure oxygen content. Had they 
been able to do so, they would have observed 
its profound increase as subsequent authors 
reported.117,118 These tissue oxygen increases 
are largely dependent on adequate large-vessel 
patency.

Although unhelpful for chronic arterial oc-
clusive disease, the vasoconstrictive effect of 
hyperbaric oxygen, occurring without concur-
rent hypoxia, has proved therapeutic else-
where. Vasoconstriction occurs at the level of 
the arteriole. Venules are unaffected, so outfl ow 
is maintained. The net effect of hyperoxic-
induced vasoconstriction, therefore, is to reduce 
edema. Indications include the impending 
stage of comportment syndrome,119 acute ther-
mal burns,110 and edematous skin fl aps.120

By the 1970s, the practice of hyperbaric 
medicine was based on several and frequently 
complementary effects. The inverse relation 
of absolute pressure to gas bubble volume 
(Boyle’s Law) served as the mechanistic basis 
for the treatment of decompression sickness. 
This effect was enhanced with the provision 
of oxygen. Hyperoxygenation was used to 
support hypoxic tissues secondary to acute 
ischemic events, and to facilitate disassocia-
tion and hasten elimination of carbon mon-
oxide. Antimicrobial activities were used in 
the treatment of both anaerobic and mixed 
anaerobic and aerobic infections, as well as 
to support leukocyte-mediated phagocytosis 
in infected and chronically infected bone. 
Vasoconstriction reduced compartment pres-
sures and improved edematous states.

During this same period, treatment of con-
ditions related to the above effects brought to 
light another potential hyperbaric application. 
It appeared as if some chronic wounds, related 
or otherwise to the primary hyperbaric indica-
tion, were healed as a consequence of hyper-
baric oxygen treatments.67

This suggestion was counterintuitive to 
some scientists, who appreciated that the cen-
tral environment of the healing wound was 
hypoxia, with resulting accumulations of lac-
tate. Would not hyperbaric oxygen overwhelm 
the wound and eliminate this presumably nor-
mal healing environment?

This answer was no. It became evident that 
although lactate initiates wound repair, many 
of its subsequent reparative phases are 
oxygen dependent.121–126 If a wound is com-
promised by local tissue hypoxia, it will stall 
or completely fail to heal. Hyperbaric oxygen, 
in the setting of adequate regional perfusion, 
will reestablish the necessary wound oxygen 
gradient. To determine whether a particular 
patient has suffi cient physiologic capacity to 
respond locally (the wound) to centrally 
delivered hyperoxia, transcutaneous oxygen 
testing proved helpful.127 The most precise 
indication for hyperbaric oxygen therapy in 
the management of a chronic wound is a low 
(�40 mm Hg) periwound transcutaneous 
oxygen value that briskly reverses on oxygen 
inhalation.128

              



CHAPTER 1 History of Hyperbaric Therapy 19

REFERENCES
 1. Simpson A: Compressed Air, as a Therapeutic Agent in 

the Treatment of Consumption, Asthma, Chronic 
Bronchitis, and Other Diseases. Edinburgh, Scotland, 
Sutherland and Knox, 1857.

 2. Lane N: Oxygen: The Molecule That Made the World, 
Oxford, United Kingdom, Oxford University Press, 2002.

 3. Priestly J: Experiments and Observations on Different 
Kinds of Air. Birmingham, England, 1775.

 4. Arntzenius AKW: De Pneumatische Therapie. 
Boekhandel, Amsterdam, Scheltema & Holkema’s, 1887.

 5. Tabarie E: Recherches sur les effets des variations dans 
la pression atmospherique a la surface du corps. 
Compt Rend 6:896, 1838.

 6. Tabarie E: Sur l’ action therapeutique de l’air com-
prime. Compt Rend 11:26, 1840.

 7. Junod VT: Recherches physiologiques et therapeu-
tiques sur les effets de la compression ed de la rar-
efaction de l’air, tant sur le corps que sur les members 
isoles. Rev Med Franc Etrange 3:350, 1834.

 8. Pravaz C: Memoire sur l’application du bain in d’air 
comprime au traitement des affections tuberculenses, 
des hemorrhagies capillaries et des surdites catarrhales. 
Bull Acad Natl Med (Paris) 2:985, 1837-1838.

 9. Pravaz C: Memoire sur l’emploi du bain d’air com-
prime au traitement des affections tuberculenses, des 
hemorrhagies capillaries et des surdites catarrhales. 
Bull Acad Natl Med (Paris) 5:177, 1840.

 10. Bertin E: Etude clinique de l’emploi et des effets du bain 
d’air comprime dans le traitement des maladies de 
poitrine. Montpellier Med 1868.

 11. Forlanini C: Brevissimi cenni sull’ aeroterapia e sullo 
stabilimento medico-pneumatico di Milano. Gazz Med 
Lombarda Ser 7.2:371, 385, 397, 405, 1875.

 12. Jacobson J, Morsch J, Rendell-Baker L: The historical 
perspective of hyperbaric therapy. Ann N Y Acad Sci 
117:651–670, 1965.

 13. Fontaine JA: Effets Physiologiques et Applications 
Therapeutiques de l’ Air Comprime. Paris, France, 
Germer-Bailliere, 1877.

Transcutaneous oximetry, applied algorith-
mically, will aid in patient selection, identify 
nonresponders, and suggest a therapeutic 
end point.129 This screening process serves 
to enhance clinical outcome and the cost-
effectiveness of hyperbaric oxygen therapy.

Hyperbaric wound referrals now extend to 
arterial insuffi ciency,130 diabetic,131,132 and 
soft-tissue radionecrosis133,134 causative agents. 
Some of the stronger evidence relates to man-
dibular osteoradionecrosis. A clear understand-
ing of its pathophysiology has emerged,135 
and so, too, has evidence that hyperbaric but 
not normobaric oxygen will stimulate angio-
genesis.136

The sixth and most recently identifi ed ben-
efi t of hyperbaric oxygen relates to ischemia-
reperfusion injury. What was initially consid-
ered by some as a harmful effect of high levels 
of oxygen137 is emerging as a potentially valu-
able therapeutic and preconditioning agent.

Prolonged periods of acute interruption in 
blood fl ow result in injury to the microcircu-
lation and may lead to cell death. Paradoxi-
cally, subsequent reperfusion may actually 
accelerate these deleterious effects.138 Reper-
fusion, by adjuvant therapy, decompression, 
or revascularization, has the potential to 
induce a complex interplay between adhe-
sion molecules and neuropils with resulting 
microvascular plugging. This secondary isch-
emic state is frequently referred to as the 
“fl ow/no refl ow phenomenon.”

The well-documented deleterious effects of 
oxygen-derived free radicals might suggest that 
hyperbaric oxygen as a treatment or preventa-
tive measure is counterintuitive. One might 
expect an exacerbation of ischemia-reperfusion 
injury secondary to increased production of 
oxygen-derived free radicals associated with 
hyperbaric oxygenation. Animal studies have, 
however, failed to identify any harmful effect; in 
fact, the reverse has been demonstrated. In rats 
and rabbits, involving liver, brain, heart, skeletal 
muscle, small intestine, skin, and endothelial cell 
ischemia-reperfusion preparations, improved 
outcome was uniformly noted when hyperbaric 
oxygen was applied immediately before, during, 
or immediately after acute ischemia.139 The 
effect of hyperbaric oxygen appears principally 

the result of a down-regulation of adhesion mol-
ecule function on leukocytes and vascular endo-
thelium.140

These fi ndings suggest a clinical foundation 
for the employment of hyperbaric oxygen 
therapy in several high-risk settings for isch-
emia-reperfusion injury. Examples include 
acute traumatic peripheral ischemias, com-
partment surgery, hypoxic birth, injury, and 
cardiac surgery. This latter example has al-
ready been the subject of a randomized clini-
cal trial,141 with encouraging results. Hyper-
baric oxygen is already being advocated in all 
patients with revascularization or replanted 
extremities involving ischemia times greater 
than 6 hours.142
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inally greater than sea level pressure and should 
not be considered as “hyperbaric oxygen.”2 The 
Gamow bag is an infl atable hyperbaric cham-
ber device used to alleviate symptoms and 
signs of high-altitude illness, and therapeutic 
pressures may be less than or equivalent to sea 
level (1 ATA); it is also not considered hyper-
baric oxygen therapy (HBOT).3

Clinical monoplace hyperbaric chambers are 
cylindrical, range from 25 to 40 inches in diam-
eter, and are customarily 8 feet in length. Mono-
place chambers are generally made of acrylic, 
although some monoplace chambers have only 
4 feet of acrylic with the lower part of the 
chamber made of steel to reduce costs. They 
usually are supported by four castors, one on 
each corner of their support platform (Fig. 2.1). 
The chamber room needs to be large enough to 
accommodate a fully opened chamber and con-
nected gurney (more than 17 feet in length).

Pressurization of some monoplace cham-
bers is now automated: The chamber opera-
tor specifi es a specifi c chamber pressure, rate 
of chamber pressurization and chamber 
depressurization, and interval of time at pres-
sure, and the chamber will automatically 
follow this pressure–time profi le. Other cham-
bers are manually operated and require a 
chamber operator to pressurize and depres-
surize the chamber. With this design, the 

CHAPTER OUTLINE
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Pacemakers, Internal Cardiac Defi brillators, 

and Nerve and Spinal Stimulators
Cleaning
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Patient Comfort

STAFFING
MANAGEMENT OF COMPLICATIONS

Monoplace hyperbaric chambers are designed 
to compress a single individual to greater than 
sea level pressure. Monoplace chambers have 
been used to treat patients for more than 
50 years. For purposes of clinical hyperbaric 
oxygen delivery, the pressure must exceed 
1.4 atmospheres absolute (ATA).1 Topical 
oxygen is not hyperbaric oxygen and will not 
be reviewed in this chapter. Topical oxygen 
consists of placing a patient’s wound within an 
oxygen-fi lled bag or chamber at pressures nom-
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chamber operator must keep track of time at 
pressure to determine when the holding pres-
sure or clinical treatment is to end and 
decompression should begin.

Most clinical monoplace chambers have a 
cam-operated hatch closure, which is a simple 
and effi cient way to open and close the entry 
hatch. With larger diameter chambers, patients 
can sit up at 30 degrees, or even upright in the 
largest chambers.

Monoplace chambers are generally fi lled 
with 100% oxygen and require fl ow rates 
through the chamber ranging from 100 to 
400 L/min. The gas supply to the chamber must 
be suffi ciently robust to accommodate the pres-
surization of the chamber to 3 ATA, as well as 
400 L/min fl ow through the chamber. Many 
hospital wall oxygen delivery systems cannot 
provide suffi cient gas fl ow to operate two or 
more monoplace hyperbaric chambers simulta-
neously without installing an oxygen delivery 
system that provides additional gas fl ow. One 
chamber manufacturer, Sechrist Industries 
(Anaheim, Calif), has recently developed a 
monoplace chamber that uses less gas than 
others, and this design may be useful in facilities 
with limited gas delivery for their chambers.

It is important to fl ush the monoplace 
chamber with high oxygen fl ows, especially 
with larger diameter chambers that are 
now available. If chamber gas fl ows are low 

(175 L/min), it may require more than 
20 minutes before the concentration of oxy-
gen in the chamber approaches 100%. With 
high chamber exhaust fl ows (350 L/min), 
the oxygen concentration approaches 100% 
in approximately 7 minutes.4

It is possible to fi ll and compress a mono-
place chamber with air and have the patient 
breathe 100% oxygen through a hood or mask 
that provides oxygen from an external source. 
If the monoplace chamber is fi lled with air, 
even if hospital grade, it is important to prop-
erly fi lter the air coming to the chamber, with 
approved fi lters available from chamber manu-
facturers or chamber supply outlets.

Because of the inherent risk of oxygen-fi lled 
environments, a number of codes and standards 
regulate monoplace hyperbaric chamber manu-
facture and operation. The chamber itself 
should be designed and manufactured in accor-
dance with ANSI/ASME PVHO-1: Safety Stan-
dard for Pressure Vessels for Human Oc-
cupancy (American Society of Mechanical 
Engineers, New York, NY). The hyperbaric 
department must follow all applicable rules 
from the National Fire Protection Association 
(NFPA), including NFPA 99: Health Care Facili-
ties and NFPA 53: Recommended Practice on 
Materials, Equipment, and Systems Used 
in Oxygen Enriched Environments (National 
Fire Protection Association, Quincy, Mass). 

Figure 2.1 Monoplace hyperbaric chamber 
(Model 3200; Sechrist Industries, Inc., 
Anaheim, Calif). The internal diameter is 
32.5 inches, the internal length is 90 inches, 
and weight is 1992 pounds. Gas fl ow through 
the chamber can be adjusted from 240 to 
400 L/min. Maximum operating pressure is 
3.0 ATA. 
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Additional resources that discuss monoplace 
chambers include the Monoplace Hyperbaric 
Chamber Safety Guidelines5 and the chapter 
Operational Use and Patient Care in the Mono-
place Chamber, published in Respiratory Care 
Clinics of North America.6

TREATMENT PROTOCOLS

Hyperbaric oxygen treatments in monoplace 
chambers follow protocols similar to those pro-
vided in multiplace chambers. Common proto-
cols include 2.0 ATA for 90 to 120 minutes, 
at pressure, or 2.4 ATA for 90 minutes with 
two 5-minute air periods (30 minutes oxygen, 
5 minutes air, 30 minutes oxygen, 5 minutes air, 
then 30 minutes oxygen).7 Air-breathing peri-
ods are used to reduce oxygen toxicity8,9 and 
may be delivered with a mask10 or a SCUBA 
mouthpiece fi tted with a demand regulator.11 It 
appears that patients can breathe more easily if 
the demand regulator is supplied with air at 
85 pounds per square inch gauge (psig), rather 
than from the hospital source, which is 
55 psig.11 It is ineffi cient to provide air-breath-
ing periods by switching the chamber gas sup-
ply from oxygen to air, because when the cham-
ber gas supply is switched back from air to 
oxygen, the oxygen concentration recovery 
time is unacceptably long.12

One recommended protocol for acute 
carbon monoxide poisoning compresses the 
patient to 3.0 ATA and specifi es air-breathing 
periods.13 In addition, the U.S. Navy Treatment 
Tables 5 and 6 specify air-breathing periods.14 
Thus, if a monoplace chamber facility antici-
pates using such protocols, it should have 
the appropriate equipment (masks, mouth-
pieces, nose clips, a medical oxygen-approved 
demand regulator, and air delivered to the 
regulator at a pressure of at least 80 psig).

Research/Blinding

Clinical trials can be conducted with mono-
place hyperbaric chambers. In a double-blind, 
randomized trial in acute carbon monoxide 
poisoning, patients were compressed randomly 

to either 3 or 1 ATA (2.2 psig at our altitude).15 
Blinding was accomplished by the chamber 
operator covering all chamber gauges and the 
clinicians leaving the immediate area of the 
chamber during therapy. A separate chamber 
treatment record maintained confi dentiality 
during the course of the clinical trial.

PATIENT CARE

Electrocardiographic (ECG) monitoring is ac-
complished by passing out the necessary six 
monitoring leads onto a medical ECG monitor 
(Fig. 2.2). A connector for the ECG can be 
“hard-wired” within the chamber hatch, so the 
patient cable only has to be connected to the 
receptacle located in the hatch. The hospital’s 
bioengineering department should be involved 
in this process.

Noninvasive blood pressure (NIBP) mon-
itoring can be accomplished using an auto-
mated blood pressure machine made specifi -
cally for the monoplace chamber,16 the 
Oscillomate Hyperbaric NIBP Monitor, Model 
1630 (CAS Medical Systems, Branford, Conn). 
With this system, the monitor is located out-
side the chamber. Infl ation of the blood pres-
sure cuff and pressure monitoring are achieved 
with four tubes that pass through the chamber 
hatch using special attachments. We have 
found this instrument to operate well to 2 ATA, 
but at 3 ATA, it is less reproducible. In lieu of a 
dedicated NIBP monitor, a blood pressure cuff 
infl ated and defl ated from outside the cham-
ber with a Doppler fl ow probe taped over a 
distal artery can be used.17

Invasive Pressure Monitoring

Arterial blood pressure, central venous pres-
sure, intercompartmental pressures, and so 
forth can be measured in patients compressed 
within the monoplace chamber. Physiological 
transducers can be placed inside the chamber 
with their leads passing out of the chamber 
and onto a medical physiologic monitor. 
As with the ECG, it is convenient to have 
receptacles for invasive pressure transducers 
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mounted inside the chamber (see Fig. 2.2). 
The transducers need to have a zero point 
established at the right atrial level before 
chamber pressurization. The fl uid for the con-
tinuous fl ush device needs to be pressurized 
(hyperbaric pressure infuser, Catalog No. 4085; 
Ethox Corp. Medical Products, Buffalo, NY) 
to maintain continuous fl ushing of arterial 
catheters during HBOT. Hospital bioengineer-
ing services need to be involved with the 
installation and maintenance of these moni-
toring systems.

Pulmonary Arterial Pressure 
Monitoring

Pulmonary arterial or Swan-Ganz catheter mon-
itoring can be done on research subjects18 
or patients compressed in the monoplace 

hyperbaric chamber.19 This technique requires 
specially designed pass-through devices. This 
technique has been described previously and 
goes beyond the scope of this chapter.

Suction can be accomplished inside the 
monoplace chamber by using medically 
approved suction regulators located inside 
the chamber20 (Fig. 2.3). The gradient of 
pressure from the pressurized chamber to 
outside the chamber drives the suction regu-
lator. By regulating the fl ow of gas through 
the regulator, from inside to outside the 
chamber, the operator can adjust the degree 
of vacuum the regulator delivers from 
outside the chamber. This suction may be 
used for vacuum wound closures, nasogas-
tric tubes, chest tubes, or drains. It is impor-
tant that the vacuum regulator is adjusted 
properly to prevent excessive suction ap-
plied to the site.

Figure 2.2 Physiologic monitoring of patients 
compressed in the monoplace hyperbaric 
chamber is accomplished by connecting the 
patient leads and cables to a module inside 
the chamber (depicted). Conductors pass 
outside the chamber through an electrical 
pass-through onto the physiologic monitor. 
ECG, electrocardiographic.
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Safety

As with multiplace chambers, fi re safety with 
the operation of the monoplace chamber is 
paramount. Many organizations recommend 
that chamber operators and clinicians obtain 
formal training or at least rigorous familiarity 
with published references such as Workman’s 
text, Hyperbaric Facility Safety21; the pertinent 
sections of the NFPA dealing with hyperbaric 
chambers (e.g., NFPA 99 and NFPA 53); and 
the Monoplace Hyperbaric Chamber Safety 
Guid elines5 and the Operations Committee 
Report22 (both available from the Undersea 
and Hyperbaric Medical Society).

Fires and explosions resulting in fatalities 
have occurred from improper operation of 
monoplace chambers.21 In some of these 
catastrophes, operators failed to adhere to 
electrical safety standards, patients were wear-
ing nonapproved garments while compressed 
in the chamber, or the patient introduced and 
activated an electrical or heating device while 
pressurized.21

Patients treated in the monoplace chamber 
need to wear antistatic, 100% cotton garments, 
and patients need to be grounded. Grounding is 

accomplished by affi xing an ECG lead or ground-
ing pad to the patient, which is connected to a 
solid earthen ground inside the chamber. 
Grounding adequacy should be verifi ed by the 
hospital’s biomedical engineering department. 
The patient needs to be questioned and in-
spected before each hyperbaric oxygen session 
regarding any electrical device on their person, 
such as watches, hearing aids, heated hand 
warmers, and so forth. Only approved devices 
may go inside the chamber, such as an approved 
implanted cardiac pacemaker. Currently, no read-
ily available comprehensive list of monoplace-
approved equipment exists. Monoplace cham-
ber manufacturers can be a resource about 
certain equipment for monoplace chamber use. 
Also, the Safety Committee of the Undersea and 
Hyperbaric Medical Society (www.uhms.org) 
may be helpful to address questions pertinent to 
what equipment has been used or is considered 
safe in the monoplace chamber.

Children

Children can be treated inside the monoplace 
chamber. Older children may be treated simi-
larly as adults, although they may feel more 

Figure 2.3 Suction of drains, vacuum 
closure devices, or nasogastric tubes is 
accomplished by placing a vacuum 
regulator inside the chamber.20 The vacuum 
that drives the regulator derives from the 
pressure gradient from inside to outside 
the pressurized chamber. The degree of 
vacuum can be adjusted by use of a 
fl owmeter outside the chamber, which is 
connected to the tubing passing outside 
the chamber.
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comfortable if their parent is near the cham-
ber and visible to them. Young children are 
probably optimally managed inside a multi-
place chamber because family or hyperbaric 
staff can attend them, but they can be treated 
in monoplace chambers (Fig. 2.4). Sometimes 
younger children may need to be treated with 
an adult accompanying them inside the cham-
ber. When this is done, it is advisable to pro-
vide the adult with a nonrebreathing, reservoir 
face mask to deliver air or oxygen. In this way, 
the accompanying adult can be provided with 
interspersed periods of air and oxygen to re-
duce the risk for hyperoxic seizures (air breath-
ing) and decompression sickness (oxygen 
breathing). Although this adult is not a patient, 
he or she needs to be evaluated and found 
suitable to be exposed to hyperbaric air and 
oxygen. Alternatively, oral or intravenous seda-
tion can be provided to a child before expo-
sure to hyperbaric oxygen. Providing sedation 
to children requires skill and experience  The 
input of pediatricians, emergency physicians, 
or anesthesiologists can be helpful when se-
dating children. Intubated infants and children 
can also be treated with hyperbaric oxygen, 
given the appropriate equipment and staff. For 
these children, sedation can be continued dur-
ing hyperbaric oxygen and titrated to the 

desired effect. Information is available in the 
literature about children treated with hyper-
baric oxygen.23–26

Pacemakers, Internal Cardiac 
Defi brillators, and Nerve and Spinal 
Stimulators

Implanted pacemakers, internal cardiac defi -
brillators (ICDs), nerve and spinal stimulators, 
and implanted drug delivery devices have the 
same concerns in the monoplace chamber as 
in the multiplace chamber. Verifi cation must 
be obtained that the specifi c device will func-
tion at the intended treatment pressure. Many 
pacemakers are acceptable, and the manufac-
turer should be able to provide their recom-
mendations for exposure to hyperbaric pres-
surization.

ICDs warrant special discussion.27 Manu-
facturers do not specifi cally state that their 
device may be safe in a hyperbaric chamber. 
Some of the leads from ICDs have failed,28 and 
if discharge of the ICD were to occur in the 
setting of a damaged lead, high voltage could 
“spark” across the damaged lead (personal 
communication, Medtronics technical repre-
sentative, February 2006). It is unlikely that 

Figure 2.4 One parent and one child, in 
each of two monoplace chambers, are 
treated with hyperbaric oxygen for acute car-
bon monoxide poisoning.
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ignition of tissue could occur; nevertheless, 
prudent practice is to deactivate ICDs just 
before each hyperbaric oxygen treatment and 
then reactivate them after decompression and 
discharge from the hyperbaric medicine de-
partment. Under such circumstances, a pa-
tient’s ECG must be monitored during treat-
ment and the facility must have the capability 
to defi brillate the patient, if necessary. Before 
treating patients with ICDs, it is imperative to 
consult with the patient’s cardiologist.

Instances arise when it may not be prudent 
to treat patients with HBOT. For example, a de-
vice may have a pressure limit that is too close 
to the intended treatment pressure, or a drug 
delivery device may be infl uenced by chamber 
pressure, thus altering the rate of drug delivery.

Cleaning

After each patient compression, it is appropri-
ate to clean the hyperbaric stretcher and the 
chamber acrylic. LpH se (#6466-08; Steris Cor-
poration, St. Louis) can be used following the 
manufacturer’s directions. For patients with 
methicillin-resistant, vancomycin-resistant, or 
other highly resistant infections with the pos-
sibility of nosocomial spread, we follow stan-
dard hospital policies for isolation.

Gurneys

Monoplace hyperbaric chambers require spe-
cial gurneys. These gurneys mate to the cham-
ber, permitting the patient portion of the 
gurney to slide inside the chamber. Some gur-
neys may be height-adjusted hydraulically, 
which is helpful when transferring nonambu-
latory patients to and from other beds.

Patient Comfort

All items used inside 100% oxygen-fi lled envi-
ronments need to minimize static electric 
charge accumulation. Pillows should be made 
of 100% down fabric completely enclosed and 
sealed (approved pillows are sold by chamber 

manufacturers). Pillowcases need to be made 
of 100% antistatic cotton. All bedding linens 
and patient garments need to be made of 100% 
cotton or other hyperbaric chamber-approved 
material. Gel foam pads are available to reduce 
risk for decubitus ulceration from pressure and 
may be used during HBOT (Action Products, 
Hagerstown, Md).

STAFFING

In the United States, monoplace chambers are 
staffed in a variety of ways. A credentialed 
physician must be in attendance and supervis-
ing HBOT. Some hyperbaric facilities utilize 
nurse practitioners or physician assistants to 
supervise HBOT, but a hyperbaric physician 
should be available. Monoplace chambers can 
be operated by nurses, respiratory therapists, 
or technicians. Certifi ed Hyperbaric Technolo-
gist (CHT and CHRN) credentialing through 
the National Board of Diving and Hyperbaric 
Medical Technology (www.nbdhmt.com) is 
not mandated, but this certifi cation is recom-
mended for chamber operators.22

Respiratory therapists, certifi ed nurse assis-
tants, and nurses can also manage the patients 
and deliver HBOT. For routine outpatients, 
two chamber patients can generally be man-
aged by one chamber operator, with a certi-
fi ed nurse assistant to assist the chamber 
operator. For critically ill, intubated patients, 
the chamber is more appropriately operated 
by an individual capable of managing the 
hyperbaric ventilator such as a critical care 
respiratory therapist. It may be appropriate 
for a patient’s critical care nurse to be present 
in the department, as well as a hyperbaric 
medicine credentialed nurse practitioner and 
credentialed physician.

MANAGEMENT OF COMPLICATIONS

Emergency decompression rarely is necessary 
in the setting of cardiac arrhythmia, hypoten-
sion, or equipment or ventilator problems in a 
critically ill patient. If a patient has a general-
ized seizure, emergency decompression should 
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not be done, because cerebral gas embolism 
could occur if the patient has a closed glottis 
during decompression.29

Seizures during clinical HBOT are rare, with 
incidences ranging from 2 seizures in 80,679 
patient treatments30 to 6 in 20,238 (0.03%) 
patient treatments.31 Patients with dysbarism 
have greater seizure rates (0.6%),32 as do pa-
tients with acute carbon monoxide poisoning 
(0.3–2%, depending on the hyperbaric oxygen 
protocol).33 If a patient has a history of seizure 
disorder, they may benefi t from therapeutic 
levels of anticonvulsants and/or an appropriate 
benzodiazepine before treatment.

Seizures that occur during HBOT in the 
monoplace chamber may be managed by 
switching the chamber gas supply to air and 
increasing the rate of air fl ow through the 
chamber to reduce the fractional inspired 
concentration of oxygen to the patient, which 
often is suffi cient to stop the seizure. Once 
the patient is removed from the chamber, the 
patient needs to be evaluated and managed as 
any patient who has just had a seizure. This 
may include ECG monitoring, providing a pat-
ent airway, and provision of supplemental 
oxygen. Oropharyngeal suction may be neces-
sary and should be available in the chamber 
area at all times. The postictal patient will be 
confused and need to be supported until 
lucidity returns.

ACKNOWLEDGMENTS

I appreciate editorial and photographic assis-
tance from Kayla Deru and also chapter 
critique by Susan Churchill, NP.

 4. Worth ER, Cochran SLK, Dale HM: Oxygen concentra-
tion rise in a monoplace chamber [abstract]. Undersea 
Hyperb Med 32(4):280, 2005.

 5. Weaver LK, Strauss MB (eds): Monoplace hyperbaric 
chamber safety guidelines. Bethesda, Md, Undersea 
and Hyperbaric Medical Society, September 1991.

 6. Weaver LK: Operational use and patient care in the 
monoplace chamber. In Moon R, McIntyre N (eds): 
Respiratory Care Clinics of North America—Hyperbaric 
Medicine, Part I. Philadelphia, WB Saunders Company, 
1999, pp 51–92.

 7. Feldmeier JJ (ed): Hyperbaric Oxygen 2003. 
Indications and Results: The Hyperbaric Oxygen 
Therapy Committee Report. Kensington, Md, Undersea 
and Hyperbaric Medical Society, 2003.

 8. Clark JM: Extension of oxygen tolerance by inter-
rupted exposure. Undersea Hyperb Med 31:195–
198, 2004.

 9. Piantadosi CA: A mini-forum on air breaks and O2 tox-
icity in clinical HBO2 therapy. Undersea Hyperb Med 
31:185, 2004.

 10. Kindwall EP, Goldmann RW, Thombs PA: Use of the 
monoplace vs. multiplace chamber in the treatment of 
diving diseases. J Hyperb Med 3:5–10, 1988.

 11. Weaver LK: Monoplace hyperbaric chamber use of US 
Navy Table 6—a 20-year experience. Undersea Hyperb 
Med 33:85–88, 2006.

 12. Raleigh GW: Air breaks in the Sechrist model 2500-B 
monoplace hyperbaric chamber. J Hyperb Med 
3:11–14, 1988.

 13. Weaver LK, Hopkins RO, Chan KJ, et al: Hyperbaric 
oxygen for acute carbon monoxide poisoning. N Engl 
J Med 347:1057–1067, 2002.

 14. U.S. Naval Sea Systems Command: Recompression 
therapy. In U.S. Navy Diving Manual, 4th rev. (Baton 
Rouge: Claitor’s Publishing Division, 1999), Flagstaff, 
Ariz, Best Publishing, 5:1–49, 1999.

 15. Weaver LK, Hopkins RO, Churchill S, Haberstock D: 
Double-blinding is possible in hyperbaric oxygen 
(HBO2) randomized clinical trials (RCT) using a mini-
mal chamber pressurization as control. Undersea 
Hyperb Med 24(suppl):36, 1997.

 16. Meyer GW, Hart GB, Strauss MB: Noninvasive blood 
pressure monitoring in the hyperbaric monoplace 
chamber. J Hyperb Med 4:211–216, 1990.

 17. Weaver LK, Howe S: Non-invasive Doppler blood pres-
sure monitoring in the monoplace hyperbaric cham-
ber. J Clin Monit 7:304–308, 1991.

 18. Weaver LK, Howe S: Normal human hemodynamic 
response to hyperbaric air and oxygen. Undersea 
Hyperb Med 21(suppl):77–78, 1994.

 19. Weaver LK: Technique of Swan-Ganz catheter monitor-
ing in patients treated in the monoplace hyperbaric 
chamber. J Hyperb Med 7:1–18, 1992.

 20. Weaver LK. A functional suction apparatus within the 
monoplace hyperbaric chamber. J Hyperb Med 
3:165–171, 1988.

 21. Workman WT (ed): Hyperbaric Facility Safety: A Practi-
cal Guide. Flagstaff, Ariz, Best Publishing, 1999.

 22. Kimbell PN (ed): Operations committee report. 
Kensington, Md, Undersea and Hyperbaric 
Medical Society, 2000.

REFERENCES
 1. Feldmeier JJ (ed): Hyperbaric oxygen therapy: 2003 

committee report. Rev. ed. Kensington, Md, Undersea 
and Hyperbaric Medical Society, 2003.

 2. Feldmeier JJ, Hopf HW, Warriner RA 3rd, et al: UHMS 
position statement: Topical oxygen for chronic 
wounds. Undersea Hyperb Med 32:157–168, 2005.

 3. Freeman K, Shalit M, Stroh G: Use of the Gamow Bag 
by EMT-basic park rangers for treatment of 
high-altitude pulmonary edema and high-altitude 
cerebral edema. Wilderness Environ Med 
15:198–201, 2004.

              



CHAPTER 2 Monoplace Hyperbaric Chambers 35

 23. Keenan HT, Bratton SL, Norkool DM, et al: Delivery of 
hyperbaric oxygen therapy to critically ill, mechani-
cally ventilated children. J Crit Care 13:7–12, 1998.

 24. Waisman D, Shupak A, Weisz G, Melamed Y: Hyperbaric 
oxygen therapy in the pediatric patient: The experi-
ence of the Israel Naval Medical Institute. Pediatrics 
102:E53, 1998.

 25. Chou KJ, Fisher JL, Silver EJ: Characteristics and 
outcome of children with carbon monoxide poison-
ing with and without smoke exposure referred for 
hyperbaric oxygen therapy. Pediatr Emerg Care 
16:151–155, 2000.

 26. Santamaria JP, Williams ET 3rd, Desautels DA: Hyper-
baric oxygen therapy in pediatrics. Adv Pediatr 
42:335–366, 1995.

 27. Schmitz S, Churchill S, Weaver LK: Hyperbaric oxygen in 
patients with implanted cardiac defi brillators and pace-
makers. Undersea Hyperb Med 33(5):349–350, 2006.

 28. Schultz DG: FDA Preliminary Public Health Notifi ca-
tion: Guidant VENTAK PRIZM® 2 DR and CONTAK 

RENEWAL® Implantable Cardioverter Defi brillators. 
Rockville, Md, U.S. Food and Drug Administration, 
July 14, 2005.

 29. Bond GF: Arterial gas embolism. In Davis JC, Hunt TK 
(eds): Hyperbaric Oxygen Therapy. Bethesda, Md, 
Undersea Medical Society, 1977, pp 141–152.

 30. Yildiz S, Aktas S, Cimsit M, et al: Seizure incidence in 
80,000 patient treatments with hyperbaric oxygen. 
Aviat Space Environ Med 75:992–994, 2004.

 31. Hampson N, Atik D: Central nervous system oxygen 
toxicity during routine hyperbaric oxygen therapy. 
Undersea Hyperb Med 30:147–153, 2003.

 32. Smerz RW: Incidence of oxygen toxicity during the 
treatment of dysbarism. Undersea Hyperb Med 
31:199–202, 2004.

 33. Hampson NB, Simonson SG, Kramer CC, Piantadosi 
CA: Central nervous system oxygen toxicity during hy-
perbaric treatment of patients with carbon monoxide 
poisoning. Undersea Hyperb Med 23:215–219, 1996.

              



3Multiplace 
Hyperbaric 
Chambers

Anthony J. Gerbino, MD, 
and Neil B. Hampson, MD

37

CHAPTER OUTLINE
CHAMBER DISTRIBUTION IN THE UNITED 

STATES AND WORLDWIDE
MULTIPLACE VERSUS MONOPLACE CHAMBERS
TYPICAL TREATMENT PROTOCOLS
APPROACH TO SAFETY AND DAILY OPERATIONS
FIRE SAFETY
DECOMPRESSION ILLNESS IN INSIDE 

ATTENDANTS
ACCREDITATION OF MULTIPLACE HYPERBARIC 

FACILITIES

common confi guration for a steel chamber is a 
horizontal cylinder (see Fig. 3.1), although verti-
cal cylinders (Fig. 3.2), rectangular rib-enforced 
chambers (Figs. 3.3 and 3.4), and spherical 
chambers are also in use.

Design, fabrication, and testing of multi-
place chambers are governed by the Ameri-
can Society of Mechanical Engineers Pressure 
Vessels for Human Occupancy (ASME-PVHO-1) 
code. Hydrostatic pressure testing of the 
chamber to a pressure 1.5 times the maxi-
mum working pressure is required when the 
chamber is manufactured and if the pressure 
boundary is modifi ed.

Most clinical multiplace hyperbaric cham-
bers have more than one compartment or 
“lock.” Single-lock multiplace chambers have 
a treatment compartment only. The most 
common confi gurations are either two or 
three locks (Fig. 3.5). Double-lock chambers 
typically have a treatment compartment and 
an entry compartment. Triple-lock chambers 
usually have two treatment compartments and 
an entry compartment. Although more than 
one lock can allow independent treatment of 
patients on different protocols, the most 
important advantage to a multilock system is 
the ability to move patients or staff into or out 

Multiplace hyperbaric chambers are pressure 
vessels intended for occupancy by more than 
one person. They are defi ned by the National 
Fire Protection Association (NFPA) as Class A 
chambers. They range from “duo-place” cham-
bers designed for 1 patient and an accompany-
ing attendant to large chambers the size of a 
room capable of accommodating 20 or more 
seated patients with 1 or more inside atten-
dants (Fig. 3.1).

Multiplace chambers are typically con-
structed from steel, although the U.S. Air Force 
built a prototype chamber made of prestressed 
concrete in Texas in the 1990s. The most 
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Figure 3.1 Triple-lock multiplace 
hyperbaric chamber with a horizontal cylinder 
confi guration (installed 2005, Virginia Mason 
Medical Center, Seattle). 

Figure 3.2 Dual-lock multiplace hyper-
baric chamber, hybrid confi guration with 
vertical and horizontal cylinders (in service 
1970–2005, Virginia Mason Medical 
Center, Seattle). 

of the pressurized chamber. Most multiplace 
chambers also have smaller, wall-mounted 
pass-through locks through which items such 
as food, medication, and equipment can be 
locked into the pressurized chamber and items 
such as blood samples can be locked out.

Important components of a multiplace hy-
perbaric chamber include a compressor, a vol-
ume tank for storing compressed air, an oxygen 
supply, an emergency supply of commonly 
breathed gases such as oxygen and air, and a fi re 
suppression system (Fig. 3.6). Typically, one 
or more compressors generate pressurized gas 
used to compress the hyperbaric chamber. In 
most countries, multiplace chambers are pres-
surized with air to decrease the fi re risk associ-
ated with greater fractional concentrations of 

oxygen. Because air heats when compressed, it 
cannot be directly used to pressurize an occu-
pied chamber. Instead, air is sent from a com-
pressor to high-pressure volume tanks for cool-
ing and storage until needed. Cylinders of 
pressurized air can be used to pressurize small 
multiplace chambers that are used infrequently, 
or as an emergency backup source for cham-
bers pressurized by compressors.

Patients within a multiplace hyperbaric 
chamber breathe 100% oxygen via one of sev-
eral types of oxygen delivery systems. Most 
commonly these include soft plastic head hoods 
that are fi tted tightly about the neck with a la-
tex seal (Fig. 3.7), nonrebreather oronasal face 
masks, or endotracheal tubes. Head hoods are 
constant fl ow delivery systems that minimize 
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Figure 3.3 Rectangular multiplace hyperbaric chamber with external reinforcing ribs 
(installed 2006, Karolinska Institute, Stockholm, Sweden).

Figure 3.4 Rectangular multiplace hyperbaric chamber with external reinforcing ribs 
(installed 2006, Intermountain Medical Center, Murray, Utah).
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Figure 3.5 Schematic depiction of a triple-lock multiplace hyperbaric chamber (Virginia Mason Medical Center, 
Seattle). The system has two multipatient treatment locks and a central entry lock. Exit doors are located at each 
end of the chamber and from the central entry lock.
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resistance to breathing. The hood serves as a gas 
reservoir and must be ventilated at a rate suffi -
cient to prevent carbon dioxide accumulation. 
With constant fl ow systems, the oxygen supply 
pressure must be higher only than the pressure 
of the chamber environment. In contrast, orona-
sal face masks are demand delivery systems that 
minimize gas consumption. The oxygen supply 
pressure must be a specifi c amount greater 

than the chamber environment to properly 
drive the demand valve. These systems must be 
tight fi tting to minimize leaks of oxygen into 
the chamber or air into the breathing gas. 
Exhaled gas from either oxygen delivery system 
is predominantly oxygen and, therefore, must 
be routed out of the chamber to minimize 
accumulation in the chamber environment, 
which would increase fi re risk.

Configuration of a Double-Lock Multiplace Chamber

Liquid
Oxygen

Air Compressor

Compressed Gas
Storage Tank

Compression Gas

To Built-in Breathing System (BIBS)

Air Cylinders
(Backup Supply)

Oxygen Backup
(Backup Supply)
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(to outside)

Treatment Lock
Entry
Lock

BIBS Exhaust
(to outside)

BIBS
Panel

BIBS
Panel

BIBS
Panel

BIBS
Mask
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Fire Suppression System

Air 
Cylinders

Water
Tank

Figure 3.6 Schematic depicting typical 
components of a double-lock multiplace hy-
perbaric chamber. (Adapted from Sheffi eld 
RB: Hyperbaric Chamber Systems, Hy-
perbaric Team Training Course Syllabus, 
San Antonio, Tex, International ATMO, 
Inc., 2006. Reprinted by permission of 
International ATMO, Inc.)

Figure 3.7 Patients wearing oxygen 
delivery hoods inside a multiplace chamber. 
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All clinical hyperbaric chambers have an 
oxygen supply. Liquid oxygen is the most 
effi cient source when large volumes of 
oxygen are consumed. Cylinders of oxygen 
are used when smaller volumes are con-
sumed or as an emergency backup source to 
liquid oxygen supply.

NFPA 99 also requires Class A hyperbaric 
chambers to have a fi re suppression system. 
Testing has demonstrated that water is the 
agent of choice to extinguish a fi re in the hy-
perbaric environment. Fire suppression sys-
tems are typically composed of both a hand-
held water hose operated by chamber 
occupants and an overhead sprinkler system 
that deluges the entire area of the chamber 
interior when activated. Either chamber occu-
pants or the chamber operator can activate 
the deluge system.

Other components typically present in 
multiplace chambers are hull penetrators, 
pressure relief valves, and acrylic view ports. 
Penetrators are used to pass piping, wiring, 
and lighting through the pressure boundary. 
When a chamber is constructed, it is desirable 
to install excess penetrators so that future 
needs do not require modifi cation of the pres-
sure boundary and subsequent hydrostatic 
testing. Pressure relief or “pop-off” valves 
release pressure if it exceeds the design limit 
of the chamber or piping.

Acrylic ports have a fi nite lifetime of struc-
tural integrity. That lifetime is shortened by 
physical stress from chamber pressurization, 
exposure to ultraviolet light, and exposure to 
organic solvents. ASME/PVHO-1 requires reg-
ular inspection of acrylic ports to look for 
cracks and monitor crazing.

CHAMBER DISTRIBUTION 
IN THE UNITED STATES 
AND WORLDWIDE

Data are limited with regard to the number of 
hyperbaric chambers throughout the world. 
With regard to the United States, the Undersea 
and Hyperbaric Medical Society (UHMS) 
Chamber Directory lists 503 hyperbaric facili-

ties in 47 states and the District of Columbia 
(Table 3.1).1 Of these, 396 have monoplace 
chambers, 85 have multiplace chambers, and 
22 have both types. Forty-fi ve states have mono-
place chamber facilities, whereas only 32 have 
multiplace facilities. Multiplace chambers are 
more common in coastal locations. For exam-
ple, multiplace chambers are present in 14 of 
21 or 67% of U.S. states with saltwater coastline. 
These data likely underestimate the total num-
ber of chambers because facilities must report 
their information to the UHMS to be listed.

Outside of the United States, multiplace 
chambers are much more common than mono-
place chambers. Informal listings of world-
wide chamber numbers have been compiled 
by Tom Workman (UHMS, Director of Quality 
Assurance and Regulatory Affairs)2 and Sunny 
Sonnenrein (Reimers Systems, Inc., Lorton, 
Va).3 The number of chamber facilities varies 
widely among countries (Table 3.2), with esti-
mates indicating a 100-fold difference in the 
number of chambers per capita (Fig. 3.8). 
As the number of chambers worldwide is ever-
expanding, the reader is advised to consult 
the OXYNET Web site (www.oxynet.org) for 
updated information.

MULTIPLACE VERSUS 
MONOPLACE CHAMBERS

Multiplace and monoplace chambers each 
have distinct advantages and disadvantages. 
Issues that differentiate them include: (1) space 
requirements, (2) pressurization capabilities, 
(3) economics, (4) capacity issues, (5) patient 
comfort and acceptance, (6) patient manage-
ment considerations, and (7) safety.

Multiplace chamber facilities require more 
space than monoplace chambers. Minimum 
space for a single monoplace chamber is 
256 square feet of fl oor space (16 � 16 feet), 
whereas multiplace facilities typically occupy 
at least 2,000 to 2,500 square feet. The decision 
to install a multiplace chamber in a medical 
center should be viewed as a long-term institu-
tional commitment to hyperbaric medicine be-
cause space needs are high and new construc-
tion may be necessary for installation. Because 
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Table 3.1 Hyperbaric Chamber Distribution by U.S. State

STATE NUMBER OF FACILITIES
NUMBER OF FACILITIES WITH 

MONOPLACE CHAMBERS
NUMBER OF FACILITIES WITH 

MULTIPLACE CHAMBERS

Alaska 3 1 2
Alabama 6 4 3
Arkansas 9 9 0
Arizona 11 10 1
California 43 35 10
Colorado 7 5 2
Connecticut 4 2 2
District of Columbia 1 1 0
Florida 58 43 22
Georgia 16 14 3
Hawaii 2 0 2
Idaho 1 1 0
Illinois 18 14 4
Indiana 17 16 2
Iowa 6 5 1
Kansas 4 4 0
Kentucky 4 4 0
Louisiana 26 22 6
Maine 2 2 0
Maryland 4 3 1
Massachusetts 2 2 0
Michigan 10 8 2
Minnesota 1 0 1
Mississippi 11 11 0
Missouri 17 16 2
Montana 1 1 0
Nebraska 2 1 1
Nevada 5 3 3
New Hampshire 5 5 0
New Jersey 5 5 0
New York 21 16 6
North Carolina 9 7 2
Ohio 12 11 2
Oklahoma 5 5 1
Oregon 1 1 0
Pennsylvania 24 22 2
Rhode Island 2 2 0
South Carolina 6 5 1
South Dakota 2 2 0
Tennessee 14 13 1
Texas 70 59 13
Utah 5 4 1
Virginia 17 14 3
Washington 6 3 3
West Virginia 2 1 1
Wisconsin 5 5 1
Wyoming 1 1 0

Data from Undersea and Hyperbaric Medical Society Chamber Directory. Available at www.uhms.org/Chambers/CHAMBER DIRECTORY2.ASP. Accessed April 3, 2007.
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of their size and mobility, it is possible to install 
and operate one or more monoplace chambers 
on a temporary basis, removing them should a 
decision be made to discontinue the service.

Most multiplace chambers are designed 
and rated to treat patients up to a maximum 
pressure of 6 atmospheres absolute (ATA), 
whereas monoplace chambers typically have 
a maximum treatment pressure of 3 ATA. This 
becomes relevant when treating patients with 
arterial gas embolism if the decision is made 
to use a U.S. Navy Treatment Table 6A. This 
table includes an excursion to 165 feet sea 
water (fsw) pressure, equivalent to 6 ATA. This 
capability is not available in a monoplace 
chamber. Because most cases of gas embolism 

treated in hyperbaric chambers are due to 
diving accidents, multiplace chambers have 
historically been favored in locations that 
treat large numbers of divers. However, the 
use of U.S. Navy Treatment Table 6A has been 
declining in recent years,4 and pressure capa-
bility greater than 3 ATA may not confer 
a great advantage by itself.

With regard to economics, it is beyond the 
scope of this chapter to describe a complete 
economic analysis of multiplace versus mono-
place facility operation. A large number of 
factors are involved, many specifi c to local or 
regional needs or economics. Two major con-
siderations are the chamber acquisition cost 
and staffi ng. The following numbers are used 

Table 3.2 Estimated Number and Location of Hyperbaric Facilities Worldwide as of 2006

COUNTRY NUMBER OF FACILITIES COUNTRY NUMBER OF FACILITIES

Argentina 15 Madagascar 1
Australia 12 Malaysia 4
Austria 2 Malta 1
Belgium 11 Mauritius 1
Brazil 71 Mexico 306
British West Indies 1 New Zealand 2
Canada 27 Norway 2
Chile 3 Panama 9
Columbia 60 P.R. China 3000
Cuba 9 Peru 35
Cyprus 1 Philippines 5
Denmark 3 Poland 1
Dominican Republic 5 Portugal 1
El Salvador 2 Russia 3000
England 16 Scotland 2
Estonia 5 Singapore 1
Finland 2 South Africa 14
France 21 South Korea 150
Germany 100 Spain 16
Greece 2 Sweden 11
Honduras 1 Switzerland 18
Hong Kong 3 Taiwan 10
India 4 Thailand 24
Indonesia 6 The Netherlands 2
Ireland 4 Turkey 1
Israel 3 United States 503
Italy 22 Venezuela 5
Japan 115 Serbia and Montenegro 2
Latvia 10

Data courtesy of Workman WT: Director, Undersea and Hyperbaric Medical Society Quality Assurance and Regulatory Affairs. Personal communication, August 
2006; and Sunny Sonnenrein: Reimers Systems, Inc. Personal communication, November 2006.
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as an example to illustrate the types of con-
siderations involved. If a monoplace chamber 
costs $100,000 to acquire and is used for 
10,000 compressions in its life, the hardware 
cost for each is $10. If a multiplace chamber 
costs $1,000,000 to acquire and is used 
for 25,000 compressions, each compression 
costs $40. This becomes economically advan-
tageous for the multiplace chamber when 
occupancy per treatment averages more than 
four patients.

Similar calculations can be made for staff-
ing. If one staff person is required to adminis-
ter a monoplace chamber treatment, a facility 
has one monoplace chamber, and three rou-
tine 2-hour treatments can be administered in 
an 8-hour day, a simplifi ed estimate is that 
each treatment will cost one third of a full-
time staff position. If a facility has a multiplace 
chamber requiring two staff outside for opera-
tion and one inside to attend the patients, 
economic advantage is gained by the multi-
place facility when the daily treatment 
volume averages more than nine patients. If 
the monoplace facility has two chambers and 
a single staff person can operate both simulta-
neously, the multiplace facility does not gain 
operational staff cost advantage until more 
than 18 patients are treated daily. However, 
these calculations are greatly simplifi ed. For 
example, this analysis does not include the 

additional cost of physician attendance and 
supervision, as is required for Medicare pa-
tients in the United States.

Patient comfort and acceptance may vary 
according to chamber type. Group socializa-
tion and support is possible when more than 
one patient is treated simultaneously in the 
multiplace chamber. In contrast, monoplace 
treatments isolate the patient from others dur-
ing treatment. Confi nement anxiety is a rela-
tively small problem in multiplace chambers. 
In one series of 52,758 treatments performed 
at 2.4 ATA, only 28 patients (0.05%) required 
removal from the chamber for claustropho-
bia.5 Claustrophobia may be a greater prob-
lem in monoplace chambers, especially when 
used to treat patients on long protocols. In a 
series of 90 divers with decom pression illness 
treated using a U.S. Navy Treatment Table 6 
profi le in 25- or 32-inch monoplace chambers, 
3 (3%) experienced claustrophobia suffi ciently 
severe to require removal from the chamber 
and termination of the treatment.6

Multiplace chambers possess a safety ad-
vantage over monoplace chambers in several 
specifi c clinical emergencies because of the 
presence of an inside attendant who can pro-
vide earlier diagnosis and treatment. For ex-
ample, an inside attendant may diagnose a 
pneumothorax while at depth or during 
ascent, and insert a vascular catheter or 
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thoracostomy tube in the pleural space 
before chamber decompression. In the case 
of cardiac arrest, an inside attendant may pro-
vide earlier cardiopulmonary resuscitation 
and cardiac defi brillation. However, most 
advise rapid decompression of the multiplace 
chamber before defi brillation because this 
decreases fi re risk and body tissues remain 
well oxygenated for a brief period after 
hyperbaric treatment. In a sedated or deliri-
ous patient, the inside attendant may physi-
cally intervene if the patient inadvertently 
attempts to remove vascular catheters or 
an endotracheal tube. In the case of central 
nervous system oxygen toxicity, an inside 
attendant may quickly remove the patient’s 
oxygen hood before a seizure, or better posi-
tion a seizing patient to prevent aspiration. 
Although each of these scenarios may be bet-
ter managed by an inside attendant in a mul-
tiplace chamber, these events are rare, and 
safety considerations alone should not dictate 
one’s choice of chamber.

The lower fractional concentration of 
oxygen in a multiplace versus monoplace 
chamber improves the chance of chamber 
occupants surviving a fi re. Although the 
lower fractional concentration of oxygen 
decreases fi re risk, hyperbaric chamber fi res 
have occurred in both multiplace and mono-
place chambers. Sheffi eld and Desautels7 
identifi ed 11 monoplace and 8 multiplace 
chamber fi res from 1980 to 1996. Of the 
multiplace fi res, three occurred in chambers 
that were pressurized with oxygen rather 
than air. The only survivors of chamber fi res 
have been those who occupied multiplace 
chambers pressurized with air, indicating 
that a lower percentage of oxygen within 
a chamber dictates the chance for survival 
rather than chamber size.

TYPICAL TREATMENT PROTOCOLS

Although diagnoses such as carbon monoxide 
poisoning, necrotizing fasciitis, and decompres-
sion illness may have distinct hyperbaric treat-
ment profi les, most multiplace chambers treat 
problem wounds and chronic radiation tissue 

injury with a standard “wound healing” protocol. 
These protocols typically call for patients to 
breathe 100% oxygen for 90 to 120 minutes at 
pressures ranging from 2.0 to 2.4 ATA.

The “Jefferson Davis wound healing proto-
col” (Fig. 3.9A) is considered by some to be 
the standard wound healing protocol for mul-
tiplace chambers in North America.8 This 
protocol was shaped by physiologic, experi-
mental, and practical considerations during 
its development in the 1970s. The 90-minute 
period of oxygen breathing was based on 
Boerema’s gas gangrene protocol in which 
patients were treated at 3.0 ATA.9 However, 
the cumulative risk for central nervous sys-
tem oxygen toxicity at a pressure of 3.0 ATA 
was considered too high to justify use of this 
pressure to treat conditions that were not im-
mediately life-threatening and required a large 
number of treatments. Experience at that 
time indicated that 2.0 ATA was an effective 
pressure for treatment of chronic wounds.8 
Because of concerns that poorly fi tting oxy-
gen masks would entrain air and reduce the 
effective oxygen tension, Davis targeted the 
pressure at its current 45 fsw (2.36 ATA) to 
guarantee an actual inspired oxygen tension 
of 2.0 ATA. The oxygen-breathing interval 
was lengthened from 20 to 30 minutes in the 
1970s because a rebreather hood system that 
had just been introduced required nearly 
10 minutes to achieve 100% oxygen within 
the hood. Because the oxygen-breathing 
interval had been increased, the 5-minute 
air-breathing interval adopted from U.S. 
Navy treatment tables was also increased to 
10 minutes to avoid central nervous system 
oxygen toxicity. Thus, the Jefferson Davis 
wound healing protocol commonly in use 
today includes three 30-minute oxygen-
breathing sessions at 2.36 ATA with two inter-
vening 10-minute air-breathing periods (air 
“breaks”).10 Variations have been introduced 
to the Davis protocol that include minor 
changes in oxygen-breathing or air-breathing 
intervals (e.g., see Figs. 3.9B and C ). It is un-
clear whether minor variations in the length 
of oxygen-breathing or air-breathing intervals 
alter the frequency of seizures related to 
central nervous system oxygen toxicity.11 
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Figure 3.9 Typical treatment protocols used in a multiplace hyperbaric chamber. Arrows 
indicate when oxygen-breathing begins for the inside attendant. A, Jefferson Davis 
protocol: 30-minute O2 breathing alternating with 10-minute air-breathing periods; 
attendant breathes O2 during ascent. B, Virginia Mason protocol: 30-minute O2 breathing 
alternating with 5-minute air-breathing periods; attendant breathes O2 for 10 minutes at 
45 feet sea water (fsw) and during ascent. C, Virginia Mason protocol modifi ed to 
decrease central nervous system O2 toxicity: 20-minute O2 breathing alternating with 
5-minute air-breathing periods, then a fi nal 10-minute O2 breathing period; attendant 
breathes O2 for 10 minutes at 45 fsw, for 5 minutes at 10 fsw, and during ascent.
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However, reported seizure rates are low re-
gardless of which “wound healing” protocol 
is used.11–13

APPROACH TO SAFETY AND DAILY 
OPERATIONS

Leadership by a qualifi ed medical and tech-
nical team is necessary for safe operation of 
a hyperbaric chamber. According to the 
UHMS Guidelines for Hyperbaric Facility 
Operation,14 required leadership for a multi-
place chamber includes a medical director, a 
safety director, a technical director, and a 
hyperbaric nurse/manager. The medical di-
rector is a physician who is ultimately re-
sponsible for all aspects of the hyperbaric 
practice. The safety director is responsible 
for assuring compliance with all safety-re-
lated standards. The technical director is re-
sponsible for safe operation and day-to-day 
maintenance of the hyperbaric chamber and 
related support systems. He or she must 
have more than 5 years’ experience in hy-
perbaric facility operations.14 The hyperbaric 
nurse manager is responsible for directing 
day-to-day clinical operations including pa-
tient care. These individuals are responsible 
for establishing a safety program, creating a 
culture of safety, and assuring adherence to 
established safety standards.

The European Code of Good Practice for 
Hyperbaric Oxygen Therapy15 recommends 
that treatments in a multiplace facility be 
supervised by a team consisting at minimum 
of a hyperbaric physician, an inside atten-
dant, and a chamber operator. The UHMS 
Guidelines for Hyperbaric Facility Opera-
tion14 require the presence of a nurse or 
technician certifi ed in hyperbaric medicine 
when a chamber is in operation. A hyper-
baric-trained physician should be available to 
treat urgent and routine medical problems 
before, during, and after a treatment session. 
In the United States, Medicare requires the 
presence of a physician during treatment to 
bill for both the professional and technical 
aspects of hyperbaric treatments.

Because patient acuity and chamber size 
and confi guration vary, more than one inside 
attendant may be necessary for each treat-
ment. In general, one attendant can supervise 
up to 8 to 10 patients if these patients are of 
low acuity and are familiar with and comfort-
able in a hyperbaric environment.16 If several 
patients are receiving hyperbaric treatments 
for the fi rst time or require special attention 
(e.g., children), a lower patient-to-attendant 
ratio is advisable. Critically ill, mechanically 
ventilated patients are typically treated indi-
vidually and are best served by two inside 
attendants, one of whom has critical care 
experience. Positioning the ventilator out-
side the chamber simplifi es staffi ng because 
the inside attendants need not be trained in 
respiratory therapy. In this case, the respira-
tory therapist and a physician familiar with 
critically ill patients should be available in 
the hyperbaric facility.

Patients should be evaluated briefl y before 
each hyperbaric treatment. This assessment 
includes vital signs and an updated history 
including ear complaints and stability of 
major medical problems. Commonly encoun-
tered problems that require intervention in-
clude otic barotrauma and poorly controlled 
hypertension or diabetes mellitus. Those 
whose history suggests otic barotrauma may 
require physician evaluation, pretreatment 
with nasal decongestants, or slower compres-
sion rates. Those with elevated systemic blood 
pressures may require treatment with a rapid-
onset antihypertensive. Patients with diabetes 
with hypoglycemia are treated with an oral 
glucose source. In addition to the daily screen-
ing that is typically performed by a hyperbaric 
nurse, physicians should formally evaluate 
patients on a periodic basis to determine 
response to treatment and medical stability.

The UHMS provides safety and quality guide-
lines that assist the leadership team in deliver-
ing high-quality hyperbaric medicine. The 
UHMS has helped establish quality standards 
for hyperbaric personnel,17,18 such as board 
certifi cation for nurses, technicians, and physi-
cians. The UHMS also provides opportunities 
for continuing medical education including 
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courses devoted exclusively to safety. For physi-
cians involved in the practice of hyperbaric 
medicine who are not board certifi ed, a mini-
mum of 40 to 60 hours of coursework in 
hyperbaric medicine is recommended.14,15 The 
UHMS hyperbaric facility accreditation pro-
gram increases the likelihood that hyperbaric 
centers are aware of and implement good 
safety practices.

Another important feature of safe hyper-
baric chamber operation is design of a 
system that minimizes errors. Medical errors 
are commonplace in current health-care 
systems and cause considerable harm to 
patients.19 Even when safety guidelines are 
in place, adherence may be compromised in 
a busy multiplace hyperbaric practice when 
patient volume is high or part-time staff 
is routinely used. Omission of a routine 
safety practice, such as checking patients for 
contraband that increases fi re risk before 
chamber compression, can have devastating 
consequences.

Near-perfect safety records may be associ-
ated with unacceptable outcomes in some 
industries such as commercial aviation. 
To prevent errors in complex systems, these 
industries develop robust systems that 
emphasize safety.20 Systems typically include 
standard operating procedures (“standard 
work”) and successive safety checks to en-
sure errors are detected and corrected.

Incorporating these design principles into 
daily practice can enhance the safety of a 
busy multiplace hyperbaric practice. For ex-
ample, standard work for hyperbaric patients 
could include changing into cotton-based 
surgical “scrubs” before treatment. Standard 
work for an inside attendant could include 
completion of a written checklist of pre-
treatment tasks (Table 3.3) and a verbal 
review of contraband items with patients 
before each treatment session (Table 3.4). 
Standard work for the chamber technician 
could include receiving the inside atten-
dant’s pretreatment checklist before pres-
surization of the chamber, and periodically 
verifying that routine maintenance checks 
have been performed and documented. Such 

a system of successive safety checks should 
be built into many aspects of daily hyper-
baric practice and will detect and correct 
inevitable human errors.

Each hyperbaric facility should develop its 
own operating manual.15 This manual should 
include standard work for anticipated activi-
ties within the facility, as well as emergency 
procedures to cover unplanned events. The 
operating manual must be immediately avail-
able to staff. A proposed framework for an 
operating manual is provided in the European 
Code of Good Practice for Hyperbaric Oxy-
gen Therapy.15

FIRE SAFETY

Fire is a rare but devastating complication 
of hyperbaric oxygen treatment. Because an 
oxygen-enriched environment causes fi re to 
burn at hotter temperatures and spread more 
quickly, most hyperbaric chamber fi res are fa-
tal for chamber occupants. During the period 
from 1967 to 1996, there were 60 deaths in 21 
of the 24 clinical hyperbaric chamber fi res.7 
In this period, two clinical hyperbaric cham-
ber fi res occurred in North America (neither 
resulting in fatalities), and three fi res resulting 
in two fatalities occurred in European clinical 
hyperbaric facilities. Nineteen of the 24 clini-
cal hyperbaric chamber fi res during this pe-
riod occurred in Asia, resulting in 58 fatalities. 
Analysis of these fi res reveals multiple errors 
including elevated fractional concentration of 
oxygen within a multiplace chamber, ignition 
sources inadvertently allowed in the chamber, 
the presence of unnecessary fuels within the 
chamber, faulty electrical equipment, and in-
adequate fi re suppression systems.7 Potential 
causes of fi re in a multiplace hyperbaric cham-
ber and safety measures taken to decrease 
fi re risk due to these hazards are summarized 
in Table 3.5.

The primary focus of a hyperbaric fi re 
safety program is prevention. Preventive 
measures focus on limiting the presence of 
fuel, an ignition source, and oxygen to the 
extent possible. When the oxygen fraction is 
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suffi ciently low, nitrogen impedes interaction 
between oxygen and fuel and fi re cannot 
occur. Once the minimum fraction of oxygen 
is exceeded, burn rates increase exponentially 
with increasing oxygen fraction.21 The NFPA 
forbids pressurization of the multiplace cham-
ber with 100% oxygen, and requires that the 
oxygen concentration within the chamber 
not exceed 23.5%. This is accomplished by 
pressurizing the chamber with air, assuring 

adequate venting of patients’ head hoods, con-
tinuously monitoring the fractional oxygen 
content within the chamber, and ventilating 
the chamber with air as needed to maintain 
the oxygen concentration at less than 23.5%.

Preventing fuel and ignition sources from 
entering the hyperbaric chamber is a major 
emphasis of fi re prevention programs. The 
most common cause of hyperbaric fi res 
since 1980 in North American and European 
clinical hyperbaric centers7 has been contra-
band that was inadvertently brought into 
the chamber. Hand warmers, children’s toys 
that create sparks, and cigarette lighters 
have all ignited hyperbaric chamber fi res in 
recent years (Table 3.6). Patients are edu-
cated about potentially dangerous items to 
decrease the risk that contraband is brought 
into a hyperbaric chamber. Before each treat-
ment, patients change into surgical “scrubs,” 
are observed for the presence of prohibited 
items, and are read a list of prohibited items 
(see Table 3.4).

The multiplace chamber should be inspected 
routinely for the presence of potential fuel that 
may ignite easily. Flammable material such as 
garments, blankets, wound dressings, and salves 

Table 3.3 Written Safety Checklist Completed by Inside Attendant and Reviewed 
by the Chamber Operator before Each Pressurization

INSIDE ATTENDANT PRETREATMENT CHECKLIST

Check contents of equipment cart __________
Replace contents as needed __________
List of patient names and risks __________
Hood/Trach/Hose assembly for each patient __________
Chair or stretcher for each patient __________
Linen supplies as needed __________
Water for all occupants __________
Suction kit complete and assembled __________
Fire Suppression System cabinets clear—must be able to open 
 cabinet

__________

Pass-through lock door closed __________
Mask/Hose assembly for each inside attendant __________
Communication belt pack __________
Your surface interval noted in logbook __________
Glucose testing supplies available __________
Compression log initialed when checklist complete __________
Your Name: ____________________________ Dive #: __________

Table 3.4 Fire Safety Check Read Aloud 
by the Inside Attendant 
to Patients before Each 
Pressurization

“DOES ANYONE HAVE ANY OF THE FOLLOWING 
PROHIBITED ITEMS IN THE CHAMBER TODAY?”

• Cigarette lighters, matches, or hand warmers
• Flammable ointments, cosmetics, lip balms, or hairdressings
• ThermaCare (or similar) heat patches
• Wool, silk, synthetic clothing (including nylon stockings), 

 or yarn
• Battery-powered devices, hearing aids, cellular phones, 

 or pagers
• Newspapers or other loose papers
• Toys that create friction, static electricity, or sparks
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should not be stored in the hyperbaric cham-
ber. Patients are instructed to avoid applying 
petroleum products to their skin or hair. Some 
centers treat garments with a fi re retardant. 
Housekeeping procedures appropriate for 
other parts of the hospital need to be modifi ed 
so that waxes and other hydrocarbon-based 
products are not used to clean chamber sur-
faces. Street shoes must be removed before 
entering the chamber so that oil or petroleum 
on shoe soles does not enter the chamber.

Electrical ignition was a common cause of 
hyperbaric fi res before the 1990s (see Table 3.6). 
Improved fi re safety codes, proper engineering, 
and diligent maintenance have virtually elimi-
nated ignition from electrical arcing as a cause 

of chamber fi res in most countries.22 Modern 
electronic equipment such as cellular tele-
phones represents a new potential source of 
electrical ignition that must be kept out of the 
hyperbaric environment.

The importance of static electricity in ignit-
ing hyperbaric chamber fi res is controversial. 
Four clinical hyperbaric chamber fi res in China 
that were reported to the UHMS Chamber Ex-
perience and Mishap Database23 in the 1980s 
were attributed to static electricity, but addi-
tional detail is unavailable. Electrical charge is 
transferred between materials when dissimilar 
materials are rubbed together, and its release 
produces energy that may ignite a fi re. Because 
release of static electricity produces only small 

Table 3.5 Potential Causes of Fire in the Hyperbaric Environment and Preventive Measures

FIRE HAZARD PREVENTIVE MEASURES

Contraband that creates sparks, heat, or fi re • Educate patients regarding fi re risks
• Review fi re safety checklist with patients before each treatment (see Table 3.4)
• Limit personal belongings that each patient brings into the chamber

Faulty electrical equipment • Eliminate all unnecessary equipment
• Appropriate testing and maintenance of equipment to prevent overheating and 

 electrical arcing
Static electricity • Avoid high-static clothing (wear cotton)

• Appropriate grounding of surfaces
• Maintain high relative chamber humidity
• Antistatic materials applied to fabrics

Easily ignited fuel • Prohibit newspapers, loose papers
• Avoid using or allowing hydrocarbon-based substances in the chamber
• Avoid wearing street shoes in the chamber

Inadequate fi re suppression system • Handheld water hose and externally controlled deluge system in place
• Routine testing of the fi re suppression system every 6–12 months
• All staff capable of operating the fi re suppression system

Overheated items sent into the chamber • Avoid overheating or uneven heating of preheated objects sent into the chamber

Table 3.6 Reported Causes of Fires in Clinical Hyperbaric Chambers from 1967 to 1998 
(Includes Multiplace and Monoplace Chambers)

PROBABLE CAUSE NUMBER OF EVENTS (YEAR)

Chemical hand warmer 5 (1997, 1996, 1993, 1989, 1967)
Spark from child’s toy 3 (1997, 1987, 1987)
Static electricity 7 (1989, 1987, 1986, 1984, 1983, 1978, 1976)
Electrical spark 7 (1994, 1994, 1993, 1993, 1986, 1974, 1969)
Cigarette smoking/lighter use 6 (1998, 1996, 1993, 1993, 1979, 1967)
Microwave-heated blanket 1 (1989)

Data from Sheffi eld PJ: Hyperbaric chamber fi res: To what extent is the problem? In: Workman WT (ed): Hyperbaric Facility Safety: A Practical Guide. Flagstaff, 
Ariz, Best Publishing, 1999, pp 487–493. 
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amounts of energy, the likelihood of ignition is 
low. However, fuel such as volatile vapors, if 
inadvertently present, ignites easily, suggesting 
it is prudent to prevent static electricity. There-
fore, chamber occupants wear cotton because 
synthetic fabrics, yarn, and wool generate static 
electricity and are not permitted in the hyper-
baric environment. Electronic equipment must 
be grounded appropriately. Humidifi cation of 
oxygen and air sources also decreases static 
electricity.

Detailed fi re safety codes and standards 
for multiplace chambers are described in the 
NFPA 99, Standard for Health Care Facili-
ties (Chapter 19, Hyperbaric Facilities).21 
NFPA 99 was developed in response to fatal 
hyperbaric fi res in the 1960s and has since 
been updated several times. At the time it 
was originally written, there were no fi re 
safety standards for oxygen-enriched atmo-
spheres in the United States. NFPA is a volun-
tary, nongovernment association that devel-
ops fi re safety codes and standards. These 
recommendations may be adopted by regula-
tory agencies, but NFPA does not enforce 
these standards. NFPA 99 should be available 
at every clinical hyperbaric facility.

DECOMPRESSION ILLNESS 
IN INSIDE ATTENDANTS

Inside attendants breathe air during most or 
all of a hyperbaric treatment session and are 
therefore at risk for decompression illness. 
The frequency of decompression illness in 
attendants varies with the hyperbaric treat-
ment protocol, the decompression profi le, 
and the individual risks of the attendant. It 
has been demonstrated that chamber atten-
dants can experience decompression stress 
with development of venous gas emboli, as 
detected by ultrasound Doppler.24 Fortu-
nately, treatment protocols currently in use 
rarely cause clinical decompression ill-
ness.25,26 Baker26 surveyed 33 multiplace hy-
perbaric chambers in North America and 
reported a 0.1% to 0.6% incidence rate 
of decompression illness following standard 
“wound healing” protocols. Similarly, possi-

ble or certain decompression illness oc-
curred in 0.1% of inside attendants supervis-
ing a total of 19,000 hyperbaric treatments 
from 1992 to 2006 at Virginia Mason Medical 
Center in Seattle, Washington.

Appropriate decompression of inside at-
tendants is based on decompression tables 
originally generated for underwater diving. 
However, the risk for decompression illness 
in inside attendants is unacceptably high 
when underwater decompression tables are 
used without modifi cation.25 For example, 
Thalmann27 estimated a 6% to 11% risk 
for decompression illness when inside atten-
dants breathe air while supervising a 
U.S. Navy Treatment Table 6. Consequently, 
decompression profi les suggested by stan-
dard dive tables are typically modifi ed to 
provide an additional margin of safety for 
inside attendants.

Several factors decrease the risk for decom-
pression illness. Decreasing treatment pressures 
from 2.4 to 2.0 ATA and increasing the interval 
between exposures have both been associated 
with lower rates of attendant decompression 
illness.26 Rotating inside attendants so there is 
no decompression obligation is also effective, 
but may be impractical in the case of staff short-
ages in busy multiplace facilities.

The most effective practical measure to 
decrease the risk for decompression illness 
in inside attendants is to have the attendant 
breathe oxygen at pressure.25–27 By prevent-
ing additional nitrogen loading and speeding 
unloading of tissue nitrogen, oxygen breath-
ing effectively shortens time at depth and 
decreases decompression stress. The risk for 
decompression illness declines signifi cantly 
as the duration of oxygen breathing in-
creases. For example, the estimated risk for 
decompression illness following a U.S. Navy 
Treatment Table 6 is 6% to 11% when the 
inside attendant breathes air, 3% to 6% when 
oxygen is breathed for 30 minutes during 
ascent, and 0% when oxygen is breathed for 
30 minutes at 2.8 ATA and then 30 minutes 
during ascent.27

In practice, inside attendants supervising 
routine wound healing protocols breathe ox-
ygen during and sometimes before ascent. 
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For example, attendants typically breathe ox-
ygen during ascent in the Davis wound heal-
ing protocol (see Fig. 3.9A). As decompres-
sion stress increases with increasing treatment 
duration or other factors, the period of oxy-
gen breathing for the inside attendant is also 
typically extended. For example, in a com-
monly used variant of the Davis protocol (see 
Fig. 3.9B), attendants breathe oxygen for 
10 minutes before and 9 minutes during 
ascent. When a patient is at risk for central 
nervous system oxygen toxicity, air-breathing 
intervals are more frequent, and total treat-
ment length increases. Consequently, the at-
tendant’s oxygen-breathing period is also 
lengthened to decrease the risk for decom-
pression illness (see Fig. 3.9C).

To further decrease the risk for decompres-
sion illness following a standard “wound heal-
ing” protocol, attendants are typically limited 
to supervision of one treatment per day, assur-
ing a surface interval of nearly 24 hours. Simi-
larly, they should avoid fl ying or driving to 
altitude for 24 hours after serving as inside 
attendant. Staff members should be educated 
about the increased risk for decompression 
illness created by dehydration, alcohol use, 
and heavy physical activity.15

Because early treatment of decompres-
sion illness improves outcome, attendants 
must be well informed about its signs and 
symptoms. Appropriate education should 
result in a low threshold to report possible 
decompression illness, even when dive pro-

fi les are benign, and prompt treatment of 
suspected cases.

Individuals who want to work as inside at-
tendants should undergo a detailed medical 
examination by a physician who is trained in 
hyperbaric medicine. The evaluation should 
include a chest radiograph to evaluate for 
structural lung disease that might predispose 
to pulmonary barotrauma and a baseline 
audiogram given possible hearing loss associ-
ated with otic barotrauma. Spirometry is 
reserved for those with a history of asthma, 
chronic obstructive pulmonary disease, signifi -
cant tobacco use, or wheezing on physical 
examination. Contraindications to serving as 
an inside attendant in a hyperbaric chamber 
are similar to those recommended for evalua-
tion of underwater divers (Table 3.7).

ACCREDITATION OF MULTIPLACE 
HYPERBARIC FACILITIES

Beginning in 2002, the UHMS developed a vol-
untary clinical hyperbaric facility accreditation 
program. Because the installation, operation, 
and maintenance of a multiplace hyperbaric 
facility are more complex than for a mono-
place chamber, this program is especially ben-
efi cial to those who operate multiplace hyper-
baric chambers. The philosophy of the UHMS 
is that the accreditation process represents a 
quality improvement program rather than a 
bureaucratically mandated inspection. Areas 

Table 3.7 Contraindications to Serving as an Inside Attendant in a Clinical Multiplace 
Hyperbaric Chamber

ABSOLUTE RELATIVE

Seizure disorder
History of spontaneous pneumothorax
Signifi cant hearing loss Diffi culty equalizing middle ear pressure
Active chronic obstructive pulmonary disease or asthma
Residua of decompression illness Previous unexplained decompression illness
Current or impending pregnancy
Psychiatric disorder Diabetes with frequent hypoglycemia
Congestive heart failure
Lung bullae or cysts
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of emphasis for the accreditation program are 
based on a number of regulatory guide-
lines14,17,18,21,28–46 and are shown in Table 3.8. 
The UHMS believes its accreditation program 
is the most effi cient method to ensure that:

 1. Clinical hyperbaric facilities are staffed 
with proper specialists who are well 
trained

 2. Clinical hyperbaric facilities are using 
quality equipment that has been 
properly installed and maintained, and 
is being operated with the highest 
level of safety

 3. Clinical hyperbaric facilities are 
providing high-quality patient care

 4. Clinical hyperbaric facilities are main-
taining appropriate documentation of 
informed consent, patient treatment 
procedures, physician involvement, etc.

Each survey team consists of a hyperbaric 
physician, hyperbaric nurse, and a Certifi ed 
Hyperbaric Technologist with special experi-
ence in the type of facility being surveyed. For 
example, a Certifi ed Hyperbaric Technologist 
with extensive experience in multiplace hyper-
baric chamber operations would be assigned to 
survey a multiplace hyperbaric facility. Of the 
concentration areas listed in Table 3.8, daily op-
erations, maintenance, chamber ventilation, fi re 
protection, electrical systems, gas handling, and 
human resources receive additional emphasis 
during an accreditation survey for a multiplace 
chamber facility. At the completion of each 

2-day survey, the Certifi ed Hyperbaric Techno-
logist team member provides a list of recom-
mendations and opportunities for technical im-
provement to the facility. If improvements are 
made in each facility surveyed, then over time, 
the collective quality of care will improve 
across the spectrum of hyperbaric facilities.

As of March 2007, 73 clinical hyperbaric fa-
cilities have been initially accredited by the 
UHMS. More than one fourth (21/73) of clinical 
hyperbaric facilities accredited by the UHMS 
operate multiplace hyperbaric chambers. Re-
cent reaccreditation surveys indicate that nota-
ble improvements in each of the 24 concentra-
tion areas have been made. For organizations in 
the initial stages of planning a hyperbaric facility 
(regardless of the type of hyperbaric chamber 
planned), a copy of the UHMS Clinical Hyper-
baric Facility Accreditation Program Manual can 
be obtained free of charge from the UHMS. This 
document is an excellent guide to developing 
the necessary policies and procedures required 
to operate a safe, high-quality, cost-effective clin-
ical hyperbaric medicine program. By all indica-
tions, the UHMS Clinical Hyperbaric Facility 
Accreditation Program has established its rele-
vance to the practice of hyperbaric medicine.

Table 3.8 Areas of Emphasis of the Undersea and Hyperbaric Medical Society Clinical 
Hyperbaric Facility Accreditation Program

GOVERNANCE
CHAMBER ELEC-
TRICAL SYSTEMS

PROFESSIONAL 
IMPROVEMENT

Administration Gas Handling Leadership
Operations Patient Rights Human Resources
Maintenance Patient Assessment Information Management
Facility Construction Patient Care Infection Control
Chamber Fabrication Environment of Care Medical Staff
Chamber Ventilation Patient Education Teaching and Publication
Chamber Fire Protection Quality Improvement Clinical Research
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principles required for a fundamental under-
standing of the HBOT environment. Further-
more, although physical principles that apply 
to HBOT and the diving environment are sig-
nifi cantly interrelated, this chapter focuses on 
those aspects that apply specifi cally to HBOT. 
More in-depth discussions concerning diving 
medicine can be found in the literature.1–5

SYMBOLS

Any discussions that involve basic physics 
require the use of the symbols related to 
units of measurement, especially in this case 
those pertaining to pressure. For better or 
worse, HBOT has evolved over the years from 
various scientifi c and engineering develop-
ments. As a result, the fi eld is saddled with a 
wide variety of symbols and the terminology 
they represent. The symbols and abbrevia-
tions used in this chapter are those generally 
utilized in the customary system of the United 
States (in most cases, avoirdupois) and the 
international metric system. In addition, be-
cause of the previously mentioned close as-
sociation between diving and HBOT, some 
terminology and symbols are based on those 
used in the diving community. Table 4.1 lists 
symbols for common units of measurement. 

By defi nition, hyperbaric oxygen therapy 
(HBOT) is a treatment in which a patient 
breathes 100% oxygen while inside a pressure 
vessel or treatment chamber at a pressure that 
is higher than sea-level atmospheric pressure. 
Therefore, health-care professionals and pro-
viders of HBOT must be well versed in the 
basic physical principles that are applicable to 
the interactions of pressure, gases, and physio-
logic systems. It is not the intent of this chapter 
to provide a comprehensive review of elemen-
tary physics. (Any reader who requires a more 
thorough review is referred to any of the many 
excellent textbooks in physics.) On the con-
trary, this chapter focuses on the key physical 

The Physics 
of Hyperbaric 

Oxygen Therapy
Kevin Hardy, MD

4

              



58 Section II Technical Aspects

Table 4.2 shows comparisons and conver-
sions for commonly used units of pressure.

PRESSURE

Pressure is defi ned as the amount of force 
applied over unit of area. In the HBOT com-
munity, units commonly used to quantify 
pressure include atmospheres (atm) and at-
mospheres absolute (ATA), pounds per square 
inch (psi), kilograms per square centimeter 
(kg/cm2), kilopascals (kPa), and feet of sea 
water (fsw). Given that the atmosphere is a 
unit that is independent of both the avoirdu-
pois and metric systems, it is often consid-
ered to be the most useful international unit 
for pressure measurement in the hyperbaric 
community.

Atmospheric pressure is defi ned as the 
pressure exerted by Earth’s atmosphere on all 
objects, whether animate or inanimate. At sea 
level, this atmospheric pressure is equal to 
1 ATA, 1 atm, 14.7 psi, 1.03 kg/cm2, 101.32 kPa, 
and 33 fsw. At higher elevations, the pressure 
exerted by Earth’s atmosphere decreases and, 
therefore, atmospheric pressure is lower. In 
the hyperbaric therapy environment, pressure 
is, of course, increased and, therefore, will be 
greater than 1 ATA.

Gauge pressure is a term that refers directly 
to the pressure being measured. Generally 
speaking, it does not include atmospheric 
pressure, and most gauges are calibrated so 
that they read zero at normal atmospheric 
pressure.

Ambient pressure is defi ned as the total 
pressure surrounding or encompassing an 
object. This is equivalent to absolute pressure 
and is expressed in those terms and units of 
measurement. Whereas in the diving environ-
ment ambient pressure is equal to the sum of 
the atmospheric pressure and hydrostatic 
pressure (force resulting from the weight of 
the surrounding fl uid on the submerged 
object), in the HBOT environment, ambient 
pressure and absolute pressure are synony-
mous. This absolute pressure can be calcu-
lated by adding the atmospheric pressure and 
the gauge pressure. Absolute pressure is 
expressed by the following equation:

Pabs � Patm � Pgauge

As an example, let us consider a common 
hyperbaric treatment protocol calling for 
administration of 100% oxygen at 2.4 ATA. 
Let us further assume that this treatment is 

Table 4.1 Symbols for Units of Measurement

SYMBOL UNIT

atm atmospheres
ATA atmospheres absolute
cm centimeter
cm2 square centimeter

fsw feet of sea water
kg kilogram
kg/cm2 kilograms per square centimeter
kPa kilopascal
L liter
m meter
mm millimeter
mm Hg millimeters of mercury
Pa Pascals
psi (lb/in2) pounds per square inch

Table 4.2 Conversions for Commonly Used Units of Pressure

ATMOSPHERES 
(ATM) PSI (LB/IN2) KG/CM2 KPA

FEET OF SEA 
WATER (FSW)

MM HG 
(TORR)

1 atm 1 14.69 1.033 101.3 33 760.0
1 psi (lb/in2) 0.068 1 0.070 6.895 2.246 51.72
1 kg/cm2 0.968 14.22 1 98.07 32.04 735.6
1 kPa 0.010 0.145 0.010 1 0.326 7.501
1 fsw 0.030 0.445 0.031 3.070 1 23.04
1 mm Hg (torr) 0.0013 0.0193 0.0014 0.1333 0.0434 1

              



CHAPTER 4 The Physics of Hyperbaric Oxygen Therapy 59

occurring at a coastal facility. Therefore, the 
local atmospheric pressure is 1.0 ATA. The 
chamber operator would then be instructed 
to compress the chamber to a gauge pres-
sure of 1.4 ATA, which, added to the atmo-
spheric pressure, gives the desired absolute 
pressure of 2.4 ATA. This value also repre-
sents the ambient pressure inside the cham-
ber during the treatment.

Pabs (2.4 ATA) � Patm (1.0 ATA) 
� Pgauge (1.4 ATA)

The preceding example brings to mind an-
other issue that can be of importance to the 
practitioner of hyperbaric medicine. It is the 
issue of treatment at altitude. As noted earlier, 
atmospheric pressure decreases as altitude 
increases. Thus, a chamber that provides 
HBOT for a hospital located in the mountains 
must use a higher-gauge pressure to achieve 
the same absolute treatment pressure as a 
similar chamber located in a sea-level facility.

The concept of partial pressure should also 
be considered. Any mixture of gases exerts 
pressure, such as the air in our atmosphere that 
is composed of multiple gases. The proportion 
of that pressure exerted by any single gas in 
the mixture is referred to as its partial pressure. 
It is in direct proportion to its percentage of 
the total volume of the gas mixture and also is 
a direct determinate of the amount of absorbed 
gas in tissues. The concept of absorbed gas in 
tissues is important and is more fully explained 
in the chapters that deal with air embolism, 
decompression sickness ( DCS), and oxygen 
toxicity (see Chapters 13, 14, and 23). 

GASES

As mentioned in the introduction, HBOT con-
sists of the administration of oxygen in a pres-
surized chamber. These treatment chambers 
are typically pressurized by the use of com-
pressed air but may utilize pure oxygen and, in 
unusual situations, various gas mixes. There-
fore, any discussion of HBOT must include a 
review of the diverse constituent gases.

Atmospheric air is composed of nitrogen 
(79.1%), oxygen (20.9%), carbon dioxide 

(0.03%), water vapor, and a variety of trace 
gases. Despite the presence of miniscule 
amounts of suspended solids, air still has 
quite a low density and is, therefore, quite 
compressible, especially in comparison with 
liquids and solids. Its behavior is generally 
governed by and can be predicted by simple 
laws of physics that pertain to ideal gases. As 
noted earlier, nitrogen is the preponderant 
component of air. It is colorless, odorless, and 
tasteless in its free state. Although consid-
ered inert (which is true of the free state), it 
can be soluble in various fl uids including 
body tissues under increased ambient pres-
sure. It can be physiologically active on the 
central nervous system, causing intoxicant or 
anesthetic effects. Although these properties 
of nitrogen have little effect on the patient 
undergoing hyperbaric therapy, they are es-
sential in understanding the pathophysiology 
of patients with DCS. Furthermore, facilities 
that utilize multiple patient chambers that 
use inside medical attendants must take into 
account the risks for DCS and nitrogen narco-
sis for the attendant when developing treat-
ment protocols.

Oxygen, as any elementary school child 
can relate, is the essential component of air. It 
is the only gas capable of supporting human 
life. It is also colorless, odorless, and tasteless 
in its free state. The human organism generally 
has tolerance for only a narrow range of oxy-
gen partial pressure. Below a partial pressure 
of 0.16 ATA, hypoxia and subsequent altered 
mental status and loss of consciousness may 
ensue. However, it should be noted that there 
have been reported instances of humans sur-
viving for short periods at high altitude with 
less than 0.1 ATA oxygen in their inspired air. 
These issues do not signifi cantly impact the 
HBOT environment unless a disastrous (and 
usually negligent) error is made with the oxy-
gen supply lines. High partial pressures of 
oxygen are a more pertinent concern to the 
HBOT provider. Prolonged exposure to an 
oxygen partial pressure at or above 0.5 ATA 
can result in pulmonary oxygen toxicity. 
Shorter exposures to more than 1.8 ATA 
partial pressure oxygen can produce central 
nervous system effects. The most concerning, 
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but fortunately most rare, of these neurologic 
events is a hyperoxia-induced seizure (see 
Chapter 23).

Oxygen is also readily soluble in body fl uids 
and tissues. However, it is far from inert and 
is rather metabolically active. Consequently, 
no concomitant concern exists that patients 
treated with hyperbaric oxygen will be at risk 
for clinical DCS as when exposed to inert 
gases. In fact, this principle is used to reduce 
the risk of multiplace chamber tenders by 
including a period of oxygen breathing at the 
end of certain treatment tables to help “wash 
out” the inert gases breathed by the tender. 
These issues and other oxygen effects such as 
transient vasoconstriction are discussed in de-
tail in Chapter 23. Before closing the subject of 
oxygen, however, it is important to emphasize 
its impact on the fl ammability of other sub-
stances. Although oxygen itself is infl ammable, 
increasing partial pressure of oxygen in a hy-
perbaric chamber signifi cantly increases the 
speed of the oxidation process known as fi re. 
Subsequently, fi re safety is of paramount impor-
tance in the HBOT environment.

Carbon dioxide, which is also colorless and 
tasteless in normal concentrations, is a waste 
product of human metabolism. Signifi cantly 
elevated partial pressures are dangerous to 
humans, and untoward effects begin with re-
spiratory acidosis and altered mental status 
potentially leading to loss of consciousness and 
death. Removal of carbon dioxide from the 
hyperbaric environment can be accomplished 
by the use of so-called carbon dioxide scrub-
bers that use chemical absorption (such as 
with lithium carbonate), or more typically by 
intermittent venting of the chamber.

Carbon monoxide is another odorless, col-
orless, and tasteless gas that is the product of 
incomplete combustion of a carbon-containing 
fuel. It is highly poisonous to humans, and 
its effects and treatment are discussed in 
Chapter 15. Notably, a number of hyperbaric 
chambers create compressed gases for ther-
apy by the use of fuel-burning compressors. 
In these circumstances, care must be taken 
that the exhaust from compressor engines is 
safely separated from the air intake to avoid 
contamination.

Helium is another colorless, odorless, taste-
less, and inert gas. It is furthermore nontoxic 
and nonexplosive, and it has virtually none of 
the central nervous system narcotic effects 
associated with nitrogen. Accordingly, some 
experts tout it as a superior replacement for 
the use of medical attendants treating patients 
who require recompression therapy at pres-
sures greater than 3.0 ATA. These situations are 
rare, however, and the advantage of helium in 
breathing-gas mixtures must be balanced 
against its cost, supply logistics, and effect on 
the user’s speech (Mickey Mouse effect), which 
can become unintelligible.

Other trace gases found in normal air such as 
hydrogen and argon may play certain roles in 
the breathing mixtures of commercial or other 
saturation divers but have no real impact or use 
in the HBOT community. A more in-depth 
understanding of the uses of these gases and 
their subsequent impact on saturation divers is 
the purview of the specialized commercial or 
scientifi c physician.

BREATHING-GAS MIXTURES

The defi nition of a breathing-gas mixture is a 
gas containing oxygen and one or more inert 
gases. Composition of these mixtures can be 
quite complex in the diving arena. Applicable 
considerations include the diver’s metabolic 
and oxygen partial pressure needs, narcosis 
potential, cost, logistics, and safety including 
risks for fi re or explosion. Although these 
issues also apply to the HBOT environment, 
the selection of mixtures is much simpler 
because treatment pressures are generally 
confi ned to a range of 1.4 to 3.0 ATA.

Atmospheric air (composition noted earlier 
in this chapter) is the most common mixture 
used in the compression of hyperbaric cham-
bers because of its advantages of easier avail-
ability, lower cost, and improved safety profi le. 
It is also almost universally used as the breath-
ing gas for multiplace chamber attendants to 
prevent any untoward effects that repeat expo-
sures to increased partial pressures of oxygen 
(much more numerous than any patient) would 
create. However, its nitrogen content with 
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associated increased partial pressure and tissue 
solubility in hyperbaric conditions must be 
accounted for when planning treatment pro-
fi les and repetitive tender exposures or “dives.”

Alterations in the proportions of nitrogen 
and oxygen are sometimes used in HBOT. 
These mixtures are often referred to by 
the somewhat misleading nomenclature of 
nitrogen-oxygen or nitrox. For all intents and 
purposes, atmospheric air is essentially nitrox 
79:21—that is, a nitrogen-to-oxygen ratio of 
79:21. That said, the term nitrox generally re-
fers to mixtures that are enriched in oxygen. A 
number of such mixtures are used for diving, 
but less so for HBOT. However, one well-known 
example is in use for the venerable U.S. Navy 
Treatment Table 6A. This table is used at times 
for cases of air embolism and severe DCS. 
Because it involves compression to 6.0 ATA, the 
use of 100% oxygen is contraindicated because 
of an unacceptable oxygen toxicity profi le. 
Therefore, a nitrogen-to-oxygen 50:50 breath-
ing mixture is used for the patient with a sub-
sequent reduction in total oxygen tension to 
3.0 ATA to reduce the oxygen toxicity risk. 
Other breathing mixtures such as helium-
oxygen (heliox), trimix, and argon-oxygen are 
used to a signifi cant extent in saturation diving, 
but a discussion of these mixtures is inappli-
cable to HBOT.

GAS LAWS

The solitary gases discussed earlier can be 
considered to be ideal gases for the purpose 
of understanding their physical behavior. This 
behavior of any one ideal gas is the same for 
all ideal gases or mixtures of these gases. The 
minute quantities of suspended solid impuri-
ties are so small that effects are minimal and 
air may also be considered an ideal gas by its 
physical behavior.

The behavior of ideal gases such as nitrogen 
and oxygen is governed by the intimately 
related factors of pressure, volume, and tem-
perature. A change in any one of these three 
factors, such as an increase in pressure, results 
in a measurable and mathematically verifi able 
change in the other factors. These pressure, 

volume, and temperature relationships may be 
expressed by equations that mathematically 
describe the laws governing the behavior of 
any ideal gas or gas mixture as noted earlier. 
When discussing gas laws, pressures and tem-
peratures are expressed in absolute terms with 
their corresponding units of measure. All other 
units of measure used in the equation must be 
in a single system of measure. The ideal gas laws 
that concern the hyperbaric practitioner are 
Boyle’s Law, Guy–Lussac’s Law, Charles’ Law, 
Dalton’s Law, and Henry’s Law.

Boyle’s Law

Boyle’s Law states that if the temperature of a 
fi xed mass of gas is kept constant, the volume 
of that given gas mass is inversely propor-
tional to its absolute pressure. Mathematically, 
this means that the product of the pressure 
and volume will remain constant. This can be 
expressed by the following equation:

PV � k

where P is absolute pressure, V is volume, and 
K is a constant. Thus, when the pressure is 
doubled, the volume is reduced to half of the 
original volume. Another way of considering 
Boyle’s Law is to use sequential subscripts to 
denote two different temporal states of a gas 
at the same temperature. It follows then that 
Boyle’s Law may also be written as:

P1V1 � P2V2

As an example of Boyle’s Law, let us 
assume that a closed fl exible container of air, 
such as a pressure bag for intravenous fl uids, 
with a volume of 1 L at sea level, is com-
pressed to a pressure of 2.0 ATA. The volume 
at the new depth can be calculated using the 
above formula:

P1V1 � P2V2

1 ATA � 1 L � 2 ATA � V2

0.5 L � V2

where P1 is atmospheric pressure expressed 
in absolute units, V1 is the volume at P1 of 1 L, 
P2 is the chosen compression pressure, and V2 
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is the new volume at the chosen pressure. 
Note that the volume decreases by 50%, 
although the chosen compression pressure is 
not at all extreme and is, in fact, a commonly 
used hyperbaric therapy pressure. Reversing 
the direction of the equation, one can see that 
during decompression, the decreasing ambi-
ent pressure would necessitate a doubling of 
the volume under pressure.

The implications for HBOT of the gas 
behavior described by Boyle’s Law are varied 
and multiple. During the initial compression 
phase of the treatment, as pressure increases, 
the volume of gas in any air space in the body 
will decrease. This volume change, in turn, cre-
ates a pressure differential between the rela-
tively lower pressure air space and the rela-
tively higher pressure surrounding tissues. If 
additional (compressed) gas does not enter 
the space to equalize this pressure differential, 
tissue distortion with accompanying conges-
tion, edema, and hemorrhage ensues. As a 
corollary, during the decompression phase of 
HBOT, the volume of gas in body air spaces 
increases or expands. If this air becomes 
trapped, for example, in the middle ear be-
cause of eustachian tube congestion or in the 
alveoli because of obstructive airways disease, 
the subsequent increased volume will create 
stretching and increased pressure in the sur-
rounding tissues. These examples are various 
facets of treatment-related barotrauma and are 
discussed in further detail in Chapter 22.

Implications for other air-fi lled spaces in a 
hyperbaric treatment chamber must also be 
considered when contemplating Boyle’s Law. 
Air in endotracheal tube cuffs, suction de-
vices including Hemavac reservoirs and 
Jackson–Pratt bulbs, and therapy adjuncts 
such as pressure bags must be periodically 
observed and appropriately vented.

Gay–Lussac’s Law

Gay–Lussac’s Law states that, at a constant 
volume, the absolute pressure of a given mass 
of gas is directly proportional to the absolute 
temperature. This relationship is expressed by 
the following formula:

P1/T1 � P2/T2

where P and T are absolute measurements of 
pressure and temperature at times or condi-
tions 1 and 2. The application of this law to the 
hyperbaric environment explains why in the 
rigid walled chamber (fi xed volume) ambient 
temperature increases during compression and 
decreases during decompression, a fact most 
patients notice immediately and for which they 
should receive anticipatory counseling.

Charles’ Law

Charles’ Law states that, at a constant pres-
sure, the volume of a given mass of gas is 
directly proportional to the absolute temper-
ature. This relationship is expressed by the 
following formula:

V1/T1 � V2/T2

where V and T are absolute measurements of 
volume and temperature at times or conditions 
1 and 2.

Guy–Lussac’s and Charles’ laws are some-
times combined mathematically to create the 
following algebraic expression:

PV � RT

where P is the absolute pressure, V is volume, T 
is absolute temperature, and R is a universal 
constant for all gases.

General Gas Law

The preceding discussion of Boyle’s, Guy–
Lussac’s, and Charles’ laws and the immediately 
preceding equation show that in considering 
the behavior of gases in the HBOT arena, the 
factors of temperature, volume, and pressure 
are so interrelated that a change in any one 
must result in a corresponding change in one or 
both of the others. The general gas law is a con-
venient expression of these relationships and 
can be used to predict the behavior of a given 
mass of gas when changes may be expected in 
any or all of the variables. The general gas law 
equation is typically noted to be:
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PV/T � k

where P is the absolute pressure, V is vol-
ume, T is absolute temperature, and k is a 
constant. Because this is so, another perhaps 
more mathematically useful expression of 
the law denoting two conditions or states of 
the gas under consideration with subscripts 
is as follows:

P1V1/T1 � P2V2/T2

An example of the application of this for-
mula’s principle would be in the choice of 
location of either low- or high-pressure stor-
age tanks used to store the compressed air 
and, in some cases, other gases used in hyper-
baric therapy. If such tanks are subjected to 
extremes of temperature, signifi cant changes 
in pressure of the fi xed volume gases will 
result. The implications for gas reserves for 
proper treatment and patient and staff safety 
should be evident, and these are consider-
ations that hyperbaric program directors and 
safety offi cers face daily.

Dalton’s Law

Dalton’s Law states that the total pressure 
exerted by a mixture of “n” gases is the sum 
of the pressure that would be exerted by 
each gas if each occupied the total volume. 
This deals with the concept of partial pres-
sure. Algebraically, this relationship is ex-
pressed as:

Pt � Pa � Pb � Pc � … � Pn

where Pt is the absolute pressure of the gas 
mixture; P is the partial pressure of the con-
stituent gases including gases a, b, and c de-
noted by the subscripts; and n is the fi nal 
constituent gas.

The partial pressure (Pa) of a given gas “a” in 
a mixture may be calculated by the following 
formula:

Pa � Pt · Fa

where Pt is the absolute pressure of the gas 
mixture, and Fa is the percentage by volume of 
gas “a” in the mixture annotated as a decimal 

fraction. As an example, the partial pressure of 
oxygen (21% by volume, assuming no oxygen 
leaks from faulty or ill-fi tting delivery systems) 
in the air of a chamber compressed to 2.8 ATA 
can be calculated as follows:

PO2 � 2.8 ATA � 0.21 � 0.588 ATA O2

This calculation can be used to show that 
hyperbaric air, even at a relatively high treat-
ment pressure, provides no more oxygen to 
a biologic system than a tight-fi tting nonre-
breather mask. The partial pressures of nitro-
gen and oxygen in air at various treatment 
pressures are noted in Table 4.3.

Henry’s Law

Henry’s Law states that the number of mole-
cules or the mass of a gas that will dissolve in 
a liquid at a given temperature is directly pro-
portional to the partial pressure of that gas. 
Henry’s Law is related to Dalton’s Law in that 
it deals with the relationship of the partial 
pressure of a gas to its absorption. The actual 
volume of a gas when it is in solution is negli-
gible. Hence, there is no appreciable increase 
in the volume of the dissolving liquid. Gas 
solubility is also dependent on the tempera-
ture of the liquid. The lower the fl uid tempera-
ture, the higher the solubility. Gas absorption 
is also dependant on the properties of the 
fl uid. For example, the solubility of nitrogen in 
an oil such as fat is about fi ve times its solubil-
ity in a mostly watery fl uid such as plasma at 
the same pressure.

Henry’s and Dalton’s laws are useful when 
contemplating the diffusion of gases in the 
human body under pressure. The difference 
between the partial pressure (sometimes 
referred to as tension) of a gas dissolved in a 
liquid and its partial pressure in the ambient 
gas mixture will determine the direction and 
rate of diffusion into or out of solution. This 
pressure differential is often called the gradi-
ent. If a gas-free liquid is exposed to a gas, 
the inward gradient is high, and the rate at 
which gas molecules will migrate into the 
liquid is high. As the gas tension in the liquid 
increases, the rate of diffusion decreases. 
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Equilibrium is achieved when the dissolved 
and ambient gas tensions are equal. The liquid 
is then considered saturated for those condi-
tions. These concepts of gas solubility and 
diffusion are important in the study of nitro-
gen narcosis and DCS (see discussion in 
Chapters 10 and 14).

REFERENCES
 1. Bove AA (ed): Bove and Davis’ Diving Medicine, 4 ed. 

Philadelphia, Saunders, 2003.
 2. Brubakk AO, Neuman TS (eds): Bennett and Elliott’s 

Physiology and Medicine of Diving, 5 ed. Edinburgh, 
Saunders, 2003.

Table 4.3 Partial Pressures of Nitrogen and Oxygen at Various Treatment Pressures

PARTIAL PRESSURE

TREATMENT PRESSURE NITROGEN OXYGEN

fsw (gauge) ATA kPa psi ATA psi kPa ATA psi kPa

0 1.0 101 14.7 0.79 11.6 80 0.21 3.1 21
33 2.0 203 29.4 1.58 23.2 160 0.42 6.2 43

45 2.4 243 35.3 1.90 27.9 192 0.50 7.4 51

60 2.8 284 41.2 2.21 32.5 224 0.59 8.7 60

66 3.0 304 44.1 2.37 34.8 240 0.63 9.3 64

165 6.0 608 88.2 4.74 69.6 480 1.26 18.6 128

ATA, atmospheres absolute; fsw, feet of sea water; kPa, kilopascals; psi, pounds per square inch.

 3. Edmonds C, Lowry C, Pennefather J, Walker R (eds): 
Diving and Subaquatic Medicine, 4 ed. London, 
Arnold, 2002.

 4. Joiner JT (ed): NOAA Diving Manual, 4 ed. Flagstaff, 
Ariz, Best, 2001.

 5. U.S. Navy Diving Manual [NAVSEA 0927-LP-001-9011]. 
Flagstaff, Ariz, Best, 1996.

              



65

CHAPTER OUTLINE
DIVING APPLICATIONS 

AND ACTIVITIES
PHILOSOPHY OF MEDICAL CLEARANCE FOR 

DIVING
ADMINISTRATIVE MODELS FOR MEDICAL 

CLEARANCE FOR DIVING
Recreational Divers
Occupational Divers

WHO SHOULD PERFORM CLEARANCE TO DIVE 
ASSESSMENTS?

DIVING CLEARANCE CONSULTATION
History and Systems Review
Examination
Investigations

EVALUATION OF MEDICAL CONDITIONS 
IN RELATION TO DIVING

A Generic Approach
Age Issues: Children and Diving
Age Issues: Older Divers
Cardiovascular Problems

Ischemic Heart Disease
Valvular Heart Disease
Hypertension
Patent Foramen Ovale
Other Intracardiac Shunts
Rhythm Disturbances

Respiratory Problems
Asthma
Chronic Airways Limitation
Bullous Disease, Spontaneous Pneumo-

thorax, and Other Problems
Bleomycin

Diabetes
Ear, Nose, and Throat Problems
Neurologic Disorders
Obesity
Pregnancy
Psychiatric Disorders
Return to Diving after Illness

CLEARANCE FOR WORK IN HYPERBARIC 
CHAMBERS

5Clearance to Dive 
and Fitness

for Work
Simon J. Mitchell, MBChB, PhD, 
DipDHM, DipOccMed, FANZCA, 

and Michael H. Bennett, MBBS, MD, 
MM(Clin Epi), FANZCA

              



66 Section II Technical Aspects

Hyperbaric physicians may be consulted by 
prospective divers seeking clearance to dive 
and by occupational divers fulfi lling statutory 
diving clearance and health surveillance 
requirements. Consultations are often sought 
when the candidate’s medical history raises 
concerns about diving. Hyperbaric physicians 
should, therefore, expect to evaluate the most 
complex issues relating to clearance to dive. In 
addition, hyperbaric physicians supervising 
multiplace hyperbaric units are usually respon-
sible for assessing and monitoring the fi tness of 
their attendant staff for hyperbaric work.

This chapter reviews the medical evaluation 
of a prospective diver or hyperbaric worker. 
Ideally, the reader should already be familiar 
with environmental, medical, and practical 
issues of diving; comprehensive accounts of 
these issues can be found elsewhere.1 This 
chapter begins with a discussion of diving 
activities and the functional capabilities neces-
sary for safe participation. This is followed by a 
summary of modern trends in the philosophy 
of diving clearance assessments, typical models 
for administration of diving clearance issues, 
and a discussion of who should perform the 
assessments. An approach to a diving clearance 
consultation is described, and the implications 
of selected relevant medical issues or problems 
are discussed. We note that diving medicine is a 
fi eld largely bereft of hard evidence to guide 
practice. Many “beliefs” are just that; they are 
supported by observational evidence at best. As 
Russi2 succinctly states, “This unsatisfactory sit-
uation explains why numerous topics remain 
controversial even among experts in the fi eld.” 
It follows that in the subsequent discussion 
there are numerous conundrums that cannot 
be resolved by reference to defi nitive data.

DIVING APPLICATIONS 
AND ACTIVITIES

Diving may be divided into “recreational” or “oc-
cupational” categories. Recreational divers are a 
diverse group spanning a wide age range, some 
with signifi cant medical problems. In contrast, 
occupational divers are a more homogeneous 
group, and less commonly are found to have 
diseases of relevance to diving safety. They are 

usually young men between the ages of 20 and 
45 years who are fi t and healthy.

Recreational diving is an unpaid, “for-
pleasure” activity; however, the sobriquet “rec-
reational” also embraces focused enthusiasts 
including photographers, cave divers, and 
wreck divers who may use gas mixtures, 
devices such as rebreathers, and advanced div-
ing techniques. These divers often refer to 
themselves as “technical divers.” Occupational 
diving is paid underwater work and includes 
those working on projects such as underwater 
building, drilling, dredging, and ship husbandry, 
as well as military, police, scientifi c, and public 
safety divers. Recreational diving instructors 
have long argued that they are not truly occu-
pational divers, but there appears to be little 
basis in logic for such an argument. They are 
paid, and they assume responsibility for the 
safety of others during the course of their 
work. The hyperbaric physician performing 
diving medical examinations could expect to 
see members of all of these groups.

Whether occupational or recreational, div-
ing is a physical activity that occurs in a poten-
tially hostile environment, and that requires 
application of knowledge and skills for safe 
outcomes. It follows that awareness of the cog-
nitive, psychological, physical, and physiologic 
requirements of diving activity is central to 
effective evaluation of candidates. For many 
hyperbaric physicians, this awareness comes 
from participation in diving themselves, but for 
guidance of the nondiving hyperbaric physi-
cian, we propose a generic suite of capabilities 
that refl ects a “functional analysis” of diving.

Divers should be capable of performing 
the following actions:

• Acquiring and applying a relevant diving 
theory knowledge base

• Working as a team, and adhering to 
pre-agreed systems and a dive plan

• Tolerating the psychological stress of 
total submergence in water well beyond 
“standing depth”

• Lifting and carrying individual items of 
diving equipment on land

• Standing from sitting and walking 30 m 
(without fi ns) in standard scuba 
equipment
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• Ascending a 1.5-m vertical ladder from 
the water wearing standard scuba 
equipment

• Swimming underwater at 0.5 knot for 
30 minutes wearing standard scuba 
equipment adjusted for neutral buoyancy

• Swimming underwater at 1.2 knots (or 
making slow progress against a 1-knot 
current) for 5 minutes

• Insuffl ating the middle ears via the 
eustachian tubes

• Maintaining a protected airway with a 
scuba mouthpiece in place when totally 
immersed

• Seeing both near and far objects to 
allow reading of gauges and recognition 
of entry and exit points. Corrected visual 
acuity of at least 6/12 is recommended

These parameters are somewhat arbitrary, 
and no consensus has been published on a 
functional analysis for diving. The choice of a 
0.5-knot swim relates to Bove’s observation3 
that a “typical dive by an average recreational 
diver” results in energy expenditure around 
3 mets, which represents an underwater swim 
of approximately 0.5 knot with scuba equip-
ment.4 Similarly, Bove3 suggests that there is a 
realistic expectation of the need for a 12-met 
output for short periods under adverse condi-
tions. This corresponds with an underwater 
swim at approximately 1.2 knots. A candidate 
who may fail to meet one or more of these 
performance requirements is not necessarily 
unsuitable for all diving. For example, candi-
dates with disabilities who would be unable 
to meet a number of these performance re-
quirements have learned to dive. However, 
their risk profi le is different, and they cannot 
be “cleared” for unrestricted diving in the 
usual sense. The circumstances of their diving 
must be tailored to their disability.5

PHILOSOPHY OF MEDICAL 
CLEARANCE FOR DIVING

Diving medical assessments may be predicated 
on either a proscriptive model or a risk assess-
ment model. In the former, the physician uses 
history, examination, and possibly laboratory 

investigations to identify potentially problem-
atic diagnoses, consults a list of “contraindica-
tions to diving,” and disallows diving by a candi-
date whose problem appears on such a list. A 
defi nitive statement is issued (usually expressed 
in terms such as “fi t” or “unfi t” for diving) that 
determines whether a candidate will be permit-
ted to undertake dive training. One of the 
attractions of this approach is that the casting 
of the medical examiner as a “policeman” 
removes the need to communicate risk accu-
rately, but this may result in unintended prob-
lems. For example, aggrieved candidates may 
seek alternative opinions and withhold health 
information without understanding the risk 
to which they are exposing themselves.6 The 
adverse consequences of this phenomenon are 
also seen in other sports.7

A 2003 South Pacifi c Underwater Medicine 
Society workshop8 identifi ed several other 
problems with the proscriptive approach. 
These include the diffi culty in providing suffi -
cient numbers of appropriately trained physi-
cians, the time-consuming and expensive 
nature of the compulsory consultations, and 
the potential for bias toward rendering a favor-
able decision when a candidate is required to 
pay for the assessment.9 In addition, an accu-
rate pronouncement of unequivocal “fi tness” 
to dive requires a functional assessment that 
may exceed the capabilities of an offi ce medi-
cal consultation.

The alternative to this rather unsatisfactory 
situation is a system with a discretionary ap-
proach based on risk assessment. In practice, 
such discretion usually extends to a judgment 
about who receives a formal dive medical 
consultation at all (see Administrative Models 
for Medical Clearance for Diving section later 
in this chapter) (Fig. 5.1). Where a medical 
consultation is required, usually because a 
screening questionnaire revealed a potential 
problem, the practitioner is expected to pro-
vide a detailed risk assessment for each indi-
vidual. Medical conditions such as asthma no 
longer automatically exclude the candidate 
but do trigger an assessment of the potential 
risk they represent. The diver, in turn, assumes 
and acknowledges the role of an informed 
risk acceptor. Clearance determinations made 
under a discretionary system need no longer 
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be couched in the form of dichotomous state-
ments (“fi t for diving” vs. “not fi t for diving”). 
For example, whereas the South Pacifi c Un-
derwater Medicine Society diving medical ex-
amination protocol required such a statement 
from the physician until 1999, the current 
declaration uses the more guarded “I can fi nd 
no conditions incompatible with SCUBA div-
ing,” accompanied, if necessary, by comments 
appended to the declaration.

The “risk assessment” approach is not 
without problems and limitations. These 
include diffi culties in calculating and com-
municating risk, defi ning a level of risk that 
is acceptable, and protecting the interests of 
risk acceptors other than the candidate 
(such as spouses, dive instructors, and future 
dive partners). It is mainly for the latter 
reason that not all medical concerns can be 
set aside simply because the candidate is 
prepared to accept the risk. A small number 
of absolute contraindications to diving re-
main, and many potential scenarios exist 
where the medical examiner would consider 
the risk too great to allow the candidate to 
proceed. Risk perception is personal and 
variable.10 Therefore, explanations should be 
objective and unambiguous. Where relevant, 
written guidelines should be provided, and 
the individual should accept responsibility 
for following these guidelines.

ADMINISTRATIVE MODELS FOR 
MEDICAL CLEARANCE FOR DIVING

Signifi cant regional differences exist in the 
administrative approach to screening of pro-
spective divers, particularly recreational div-
ers. It is beyond the scope of this chapter 
to detail these differences, but a general 
description is provided and summarized 
in Figure 5.1.

Recreational Divers

The most prevalent model for medical clear-
ance of recreational divers involves the candi-
date completing a questionnaire designed to 

screen for medical or psychological problems 
of potential signifi cance in diving. If there are 
no positive responses, the candidate can pro-
ceed to training with no formal medical 
evaluation. If there are any positive responses, 
the candidate must complete a formal medi-
cal evaluation. The most widely used screen-
ing questionnaire (Fig. 5.2) was developed 
by the Recreational Scuba Training Council, a 
cooperative body of recreational diver train-
ing agencies, in conjunction with the Diving 
Committee of the Undersea and Hyperbaric 
Medicine Society.11 In contrast, in the Com-
monwealth nations, there has been a tradition 
of requiring medical examinations of all rec-
reational diving candidates.

Debate has raged for some years over 
which of the above systems is most appropri-
ate; a debate that has been devoid of refer-
ence to relevant data until relatively recently. 
During the 1990s, the Scottish Sub-Aqua Club 
operated the traditional Commonwealth 
system. Glen and colleagues12 evaluated 
2962 medical forms completed by examin-
ing physicians and compared them with 
responses on questionnaires from the diver 
candidates. They report that no unexpected 
abnormalities were found, and that condi-
tions preventing the subjects from diving 
were detected by the questionnaire. In 
response, the Scottish Sub-Aqua Club ad-
opted the “American model” of requiring 
only candidates with a positive question-
naire to be examined, albeit by a doctor with 
diving medicine training. An audit of the 
consequent outcomes over 3 years13 found 
that no incidents occurred because of unde-
tected preexisting medical conditions, and 
concluded that the questionnaire system ap-
peared effective. Traditionalists express con-
cern that questionnaires might be answered 
dishonestly, and some unsuitable candidates 
might “pass” the questionnaire process. 
Although this is almost certainly correct, it 
does not automatically follow that compul-
sory medical consultations would be any 
more effective in identifying signifi cant med-
ical problems in an evasive candidate.

There has been a conspicuous absence 
of systems for ongoing health surveillance of 
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recreational divers. Most training organizations 
require that diver health is resurveyed (usually 
by questionnaire) before participation in con-
tinuing education courses, and some of the 
more traditional recreational diving organiza-
tions do promote periodic review.12 Formal 
requirements for periodic evaluations are rarely 
imposed.

Occupational Divers

Systems for evaluation and surveillance of 
occupational divers are driven largely by duty 
of care responsibilities that arise from health 
and safety in employment legislation.6 Typi-
cally, the occupational diving candidate must 
have a consultation with a physician trained 

Diving candidate

Recreational Occupational

Self-assessment 
no formal medical 

system

Screening 
questionnaire

e.g., RSTC (USA)

Compulsory physician 
assessment 

e.g., Australia, New Zealand

Compulsory physician 
assessment

No problem 
found

Potential 
problem 
identified

Medical problem 
or relevant 

standard not met

No 
problem 
found

Physician 
assessment

No 
problem 
found 

Problem 
implying 

unacceptable 
risk

Problem not 
significant

Problem implies 
unacceptable risk

Not suitable for 
occupational 

diving

Diving instructor Not suitable for 
recreational 

diving

Diving 
instructor

Not accepted 
for training

Accepted for 
training

Accepted for 
training

Not accepted 
for training

No formal system 
for ongoing health 

surveillance

Compulsory 
periodic survey of 

diver health 
Usually annual 

medical examination

Figure 5.1 Systems for assessment and health surveillance in recreational and occupational 
divers. RSTC, Recreational Scuba Training Council.
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Figure 5.2 Recreational Scuba Training Council (RSTC) screening questionnaire. (Reprinted with the ex-
press permission of the Recreational Scuba Training Council [RSTC]. ©Recreational Scuba Training 
Council, all rights reserved.)
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in diving medical examination who will deter-
mine the candidate’s suitability. Unilateral 
determinations by the examining physician 
may be fl awed because doctors may not ap-
preciate that their interaction is as a “commis-
sioned agent of a third party” (usually the 
diver’s employer) and does not constitute a 
“doctor–patient relationship.”6 Inappropriate 
advocacy behavior may result, especially 
because the diver is often paying a substantial 
fee for the service. The problem can be cir-
cumvented to some extent by a system of 
central review and arbitration, such as in New 
Zealand. Such systems have been advocated 
for similar reasons in professional sporting 
situations in the United States.14

The health of occupational divers is also 
surveyed annually, most commonly in the 
form of a repeat consultation and examina-
tion. As Gorman6 has pointed out, there is 
little logic to either this frequency or the as-
sociated repetition of investigations such as 
spirometry that are unlikely to have changed 
in the course of a year. One alternative is cur-
rently undergoing trials in New Zealand, 
where comprehensive examinations take 
place on entry to the industry and then 
every 5 years, with annual completion of a 
health status questionnaire. The question-
naire responses are reviewed by a central 
arbitrator who either issues an ongoing clear-
ance to dive or directs that a more compre-
hensive review take place.

WHO SHOULD PERFORM 
CLEARANCE TO DIVE 
ASSESSMENTS?

Pleas for the medical assessment of diving can-
didates by appropriately trained doctors have 
been made for decades.15,16 Recreational train-
ing organizations attempt to circumvent the 
obvious diffi culties that might be encountered 
by doctors with no diving medicine training by 
providing information and guidelines on the 
medical forms themselves,11 but such guide-
lines are subject to variable interpretation.17 
There is no simple solution to this conundrum, 

but to summarize, we strongly endorse the 
view that diving clearance evaluations requir-
ing medical input should be conducted by 
doctors with training in diving medicine. The 
diving instructor also has an important role in 
evaluating suitability for diving, particularly 
with regard to functional issues that cannot be 
easily assessed in a physician’s offi ce. Regard-
less of any prior opinion from a physician, he 
or she is entitled to refuse to train a seemingly 
unsuitable candidate.18

DIVING CLEARANCE CONSULTATION

History and Systems Review

The history should elicit known medical 
problems with emphasis on identifying con-
ditions that may be exacerbated by diving, 
make a diving medical problem more likely, 
or compromise physical performance or 
safety underwater. This analytic approach 
contrasts with simply referring to lists of 
“contraindications” or “relative contraindica-
tions” to diving, which fails to allow for 
degrees of severity of a problem and other 
potentially mitigating issues.

It is usual practice to elicit information 
by administration of a questionnaire. The 
most common questionnaire in use is con-
tained in the Recreational Scuba Training 
Council Medical Statement for recreational 
diving (see Fig. 5.2). The physician should 
supplement this information with  his or 
her own questions because important 
issues are often overlooked. For example, 
although the Recreational Scuba Training 
Council questionnaire asks about “recurrent 
ear problems,” it does not specifi cally 
address diffi culty with insuffl ation of the 
middle ears via the eustachian tubes, which 
might be indicated by recurrent problems 
during fl ight. Also, an occupational history 
and a history of previous diving (and any 
associated problems) or other hobbies is 
often omitted from these questionnaires. 
Such issues may infl uence diving clearance 
determinations or the nature of any risk 
versus benefi t discussion.
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Examination

Examination of the diving candidate follows 
usual medical practice, but some important 
points are worthy of emphasis. It is important 
to ensure that the candidate is capable of insuf-
fl ating both middle ears via the eustachian 
tubes. This may be achieved with standard 
techniques, typically otoscopic visualization of 
tympanic membrane movement during a Val-
salva maneuver, or by obtaining objective evi-
dence of middle-ear insuffl ation using “dynamic 
tympanometry” during Valsalva maneuver.19 
Indeed, both observation of the tympanic mem-
brane during Valsalva and dynamic tympanom-
etry were predictive of barotrauma in patients 
undergoing hyperbaric oxygen therapy.19 Uzun 
and coworkers20 found the “nine-step infl ation/
defl ation test”21 was a superior predictor 
of barotrauma than the less complicated itera-
tion of dynamic tympanometry using Valsalva 
maneuver described by Lehm and Bennett.19 
This prompted Sim and Youngs22 to suggest that 
“the Valsalva maneuver cannot be recom-
mended for the evaluation of fi tness to dive,” 
but this is almost certainly an overinterpreta-
tion of the limited data that Uzun and cowork-
ers20 presented. Whatever method is adopted, it 
is notable that successful insuffl ation of the 
middle ear in the physician’s offi ce does not 
always predict a similar ability during a dive.23

The neurologic examination follows normal 
practice, and it is particularly important that any 
abnormalities are quantitatively documented 
should the candidate ever need treatment for 
neurologic decompression sickness (DCS). The 
sharpened Romberg test has been proposed as a 
sensitive marker of dysfunction in neurologic 
DCS,24,25 and consideration should be given to 
performing four repetitions of this test and re-
cording the best attempt as the baseline score. 
Lee25 provides a detailed description of the test.

Investigations

The utility of routine investigations in diving 
clearance consultations is controversial. 
Edmonds15 deems it “extraordinary” that more 

than half of a group of surveyed physicians 
performing recreational diving medicals did 
not routinely order a pure-tone audiogram, 
chest radiograph (CXR), or spirometry. Yet, in 
many countries, the regional experts accept 
that recreational diving candidates do not rou-
tinely require a medical consultation at all, let 
alone any investigations. A lack of hard data 
limits arguments.

The audiogram is arguably the most justifi -
able of investigations because there is a risk 
for otic barotrauma and inner-ear DCS during 
diving. In addition, gradual deterioration in 
hearing thresholds have been associated with 
long-term diving,26 although this is most likely 
a result of noise exposure rather than diving 
per se.27,28 A baseline audiogram would aid 
with evaluations of these problems and facili-
tate discussion of risks and benefi ts associated 
with diving in a candidate found to have pre-
existing hearing loss.

The performance of spirometry is based 
on the notion that abnormal indices may 
predict risk for pulmonary barotrauma (PBT). 
It has proved diffi cult, however, to demon-
strate that an obstructive spirometric pic-
ture (a low forced expiratory volume in 
1 second/forced vital capacity [FEV1/FVC] 
ratio) indicates a risk for air trapping and 
PBT. When Benton and colleagues29 re-
viewed the preaccident spirometry from 
10 cases of PBT arising from 115,090 subma-
rine escape training ascents, they found that 
only an FVC less than the predicted value for 
age and height was signifi cantly associated 
with increased risk, not the FEV1/FVC ratio. 
This association was judged as insuffi ciently 
specifi c to be useful as an exclusion crite-
rion for submarine escape training.

Similar concerns about specifi city arose 
over work by Tetzlaff and colleagues,30 who 
demonstrated that divers who had suffered 
PBT had similar FEV1/FVC ratios but signifi -
cantly lower fl ows at 50% and 25% of FVC 
(maximal expiratory fl ow at 50% [MEF50] and 
MEF25, respectively) when compared with 
divers who had suffered DCS without PBT. 
They recommended that an assessment of 
mid and late expiratory fl ow rates be 
included in screening of diving candidates, 
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and that the MEF50 and MEF25 “should at least 
reach 80% of the predicted values.” Neuman 
and Clausen31 were critical of this proposal, 
however, because intersubject and intra-
subject variability impose large standard 
deviations on the distribution of results, and 
those with measurements less than 80% of 
predicted will constitute 25% of candidates.

This discussion must take account of the 
infrequent occurrence of PBT and arterial 
gas embolism (AGE), which are estimated to 
occur in approximately 1 in 20,000 to 35,000 
dives in military divers.32 Therefore, it could 
be argued that spirometry is a nonspecifi c 
screen for risk for a rare event, and its rou-
tine use cannot be justifi ed. Alternatively, a 
conservative approach based around a non-
specifi c test may be justifi ed on the basis that 
an AGE is potentially catastrophic. Yildiz and 
coworkers33 have articulated their support 
of a conservative policy for selection of  
Turkish submarine escape trainees. They 
screen all candidates using spirometry and 
exclude those whose FVC, FEV1, or FEV1/FVC 
ratio falls below 80% of predicted. In part, 
they attribute their record of 41,183 training 
ascents without PBT to this policy; though 
given the low prevalence of PBT in any 
diving population, the claim is diffi cult to 
evaluate. Denison34 sensibly summed up the 
issue by suggesting that abnormalities in 
spirometric indices should trigger closer 
scrutiny of the candidate, especially with 
regard to exercise capacity, and not be inter-
preted by pass/fail thresholds.

The routine performance of a CXR in div-
ing clearance consultations is based mainly 
around the notion that it can detect pulmo-
nary abnormalities that predispose to PBT.35 
There can be little doubt that this is possible. 
For example, a case of PBT and AGE in a diver 
was presumed related to a preexisting 
emphysematous bulla detectable by plain 
CXR.36 Similar unpublished cases are known 
from the authors’ own practice. Despite this, 
much debate surrounds the imposition of 
routine CXRs. Concern exists over radiation 
exposure, the fact that PBT is rare, and the 
poor sensitivity and negative predictive value 
of CXR because adverse events can readily 

occur even when a CXR is normal.37 Never-
theless, as with spirometry, some authors 
consider routine CXR justifi ed38 because the 
consequences of PBT are so serious. Com-
puted tomography (CT) scanning is more 
sensitive. Indeed, CT scanning was used to 
detect small lung cysts that were undetect-
able using CXR in divers who had suffered 
PBT,30,39 prompting the suggestion that a 
single CT scan may be appropriate on entry 
to occupational diving.39 However, there is 
uncertainty over the relation between these 
lesions and PBT, and concern about the low 
specifi city of the technique given that mod-
ern scanners detect such lesions in many 
“normal” subjects.37

Despite occasional case reports of diving 
deaths potentially linked to disorders such as 
long QT syndrome,40,41 an electrocardiogram 
(ECG) is rarely advocated as routine for recre-
ational diving evaluations. Although an ECG 
may reveal evidence of myocardial ischemia, 
structural abnormality, or an electrophysio-
logic or rhythm disturbance, it will not iden-
tify inducible ischemia or intermittent dys-
rhythmias. Moreover, the extent to which an 
ECG would increase the sensitivity of an ac-
curate history in relation to most of these 
problems is debatable. Elliott42 observes that 
there are no published data that demonstrate 
the ECG to be of value in the evaluation of 
diver fi tness, and Wilmshurst43 is also skeptical 
about its utility in the absence of relevant his-
tory. Despite these concerns, a routine ECG is 
still required by many occupational diving 
standards.

Routine measurement of hemoglobin (Hb), 
some other hematologic indices, cholesterol, 
and a screen for sickle cell trait are required 
for medical clearance of occupational divers 
in many countries but are rarely performed 
for recreational divers. A position article by 
Risberg44 recommends measurement of Hb, 
erythrocyte sedimentation rate, sickle cell 
index, cholesterol, and blood type at the ini-
tial clearance consultation with repeated an-
nual measures of Hb and erythrocyte sedi-
mentation rate. Debate over the necessity 
and utility of these investigations resulted in 
consensus that blood typing and sickle cell 
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index were unnecessary.45 The latter was 
based on an assumption that patients with 
full sickle cell disease would be well aware 
of their diagnosis and unlikely to present for 
a diving clearance, and that there was no 
reason to prevent a candidate with sickle cell 
trait from diving. Controversy remains over 
Hb, erythrocyte sedimentation rate, and cho-
lesterol screenings.

Radiographs of the shoulders, hips, and 
knees have been advocated for pre-employment 
and periodic follow-up of occupational divers 
because of the incidence of dysbaric osteone-
crosis in these divers and in tunnel workers.46 
Detection of new juxta-articular lesions is 
considered to preclude further occupational 
diving to try to reduce the risk for subsequent 
joint collapse.47 Occupational divers were 
originally singled out for actuarial reasons48 
and because the risk for dysbaric osteonecro-
sis appeared to be related to decompression 
diving exposures beyond 30 m that are typical 
of occupational activity. Radiographic screen-
ing is not required for recreational divers, and 
dysbaric osteonecrosis has proved to be rare 
in this group,49 though this may change with 
the increase in deep recreational “technical” 
diving.

EVALUATION OF MEDICAL 
CONDITIONS IN RELATION 
TO DIVING

Many medical conditions may pose limita-
tions and alter risk for diving. We limit this 
discussion to issues that arise commonly. Dis-
cussion of a wider range of medical condi-
tions and diving can be found in dedicated 
books (e.g., Parker50).

A Generic Approach

The implications of many medical conditions 
in diving can be derived from a “fi rst princi-
ples” approach. Concerns that might warrant 
further research or referral to a diving medi-
cine specialist can be identifi ed using a simple 

template that addresses the following three 
questions51:

 1. Could the condition predispose to a 
diving illness?

 2. Could the condition be provoked by 
diving?

 3. Could the condition compromise the 
diver’s safety or performance under-
water?

If the answer to any of these questions is 
“yes” or “don’t know,” then the issue deserves 
review in more depth; if defi nitively “yes,” 
then a careful risk versus benefi t analysis 
should be made in relation to diving.

Age Issues: Children and Diving

Children commonly participate in recre-
ational diving; the Professional Association 
of Diving Instructors offers several programs 
for children as young as age 8. Progressive 
lowering of threshold ages for participation 
in diving activities has generated concerns 
about safety.52 In this regard, there are some 
accident reports53 and some reassuring 
anecdotes,54 but no defi nitive data.55 In one 
of the few relevant studies, Vandenhoven 
and others56 followed 205 children involved 
in 2216 open-water dives over an 8-year pe-
riod. Interestingly, four children (2%) suf-
fered tympanic membrane perforations dur-
ing pool training, but no accidents occurred 
during the open-water dives. Given the low 
accident rate in adult recreational dives, 
however, it is diffi cult to draw conclusions 
from these data. In the absence of data, the 
debate over the safety of diving by children 
usually defaults to the theoretical concerns 
that arise from the physical, physiologic, 
pathophysiologic, and psychological differ-
ences between adults and children, which 
are summarized by Mitchell.54 With all issues 
considered, we can see no reason to prevent 
children from participating in the diving 
activities deemed appropriate for their age 
group by the diving training agencies. How-
ever, parents should clearly be made aware 
of the small risks involved.
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Age Issues: Older Divers

Physiologic and pathologic changes associated 
with aging may alter risks of diving. A review of 
877 diving fatalities attributed 130 (14%) to 
cardiovascular disease, with a sharply increased 
stratifi ed risk for those older than 50 years.57

Evidence also is available that increased age 
may be associated with a greater risk for DCS. 
Older age was associated with greater venous 
bubble numbers after hypobaric decompres-
sion,58 experimental open-water dives,59 and 
uncontrolled open-water dives.60 In addition, a 
retrospective review of data from altitude 
(fl ight) exposures showed a strong trend to 
increased risk for clinical DCS in participants 
older than 42 years.61 Bradley62 cites a number 
of references to historical data that suggest 
greater risk for DCS for older working divers 
and caisson workers. Despite this, establishing 
advanced age as a risk factor for clinical DCS 
in modern recreational divers has proved dif-
fi cult. A recent retrospective cohort study 
failed to fi nd an association between risk for 
DCS and age.63 Some occupational groups 
such as the military impose conservative age 
limits on divers. However, in recreational div-
ing, older age is best seen as a trigger for care-
ful assessment with a high index of suspicion 
for ischemic heart disease, periodic review, 
and more detailed counseling of the candidate 
about risk. Older age is not in itself a reason to 
prescribe against recreational diving.

Cardiovascular Problems

Ischemic Heart Disease

Ischemic heart disease has consistently been 
the most common medical condition associ-
ated with diving fatalities.64 The most trouble-
some problem is the approach to assessment of 
nonsymptomatic diving candidates with recog-
nized risk factors65 who may suffer “silent” myo-
cardial ischemia. It has been suggested that 
candidates older than 45 years with risk factors 
undergo a cardiac stress test,57 and Bove66 rec-
ommends that any candidate older than 50 to 
55 years should have a stress test regardless of 

the individual’s risk factor history. Another 
problem is the diving candidate or established 
diver presenting for clearance to dive after in-
tervention for coronary artery disease. Such 
candidates are directed to wait at least 6 months 
after their intervention and require a negative 
stress test before any consideration is given to 
diving.66 The medication profi le should also be 
reviewed. Potent antiplatelet agents, such as 
clopidogrel and ticlopidine, and anticoagulants 
are not recommended in diving. Beta-blockers 
have been anecdotally associated with immer-
sion pulmonary edema67 and may reduce exer-
cise tolerance. However, they should not be 
stopped to ameliorate risk in diving if consid-
ered important for myocardial protection.

Valvular Heart Disease

Signifi cant valvular heart disease may predis-
pose to myocardial ischemia, pulmonary 
edema, arrhythmias, syncopal events, and 
limitation of exercise tolerance. On the rare 
occasions that candidates with symptomatic 
valvular heart disease present for diving 
clearance examinations, they should be 
strongly advised not to dive because there is 
potential for sudden death or incapacitation 
in the water and drowning.

Systolic murmurs that do not radiate in 
young candidates (teenage years and third 
decade of life) with an excellent history of 
exercise tolerance may be “innocent.”68 Never-
theless, because echocardiography provides a 
relatively cheap and noninvasive means of 
investigating cardiac structure and function, it 
is appropriate to investigate murmurs that 
have not been diagnosed previously. Most 
importantly, the murmur of hypertrophic car-
diomyopathy may be easily misinterpreted as 
an innocent murmur because both are out-
fl ow tract systolic murmurs.

The two most common “innocent” mur-
murs are mitral valve prolapse and a bicuspid 
aortic valve, which affect 10% to 12% and 1% 
of the population, respectively.66,68 Consensus 
among diving cardiologists is that the mild 
asymptomatic forms of both lesions do not 
contraindicate diving.43,66 In contrast, any ste-
nosis or regurgitation beyond trivial levels in 
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either aortic or mitral valves justifi es with-
holding of clearance to dive.

Prosthetic heart valves are not considered 
an absolute contraindication to diving66 pro-
vided the functional history is good and the 
patient is healthy in all other respects. How-
ever, patients with mechanical valves take po-
tent anticoagulants, and in theory, these may 
exacerbate bleeding in barotrauma and possi-
bly some forms of spinal DCS in which white 
matter hemorrhage has been reported.69

Hypertension

Hypertension is a risk factor for coronary artery 
disease,65 and it is possible that both hyperten-
sion70 and its treatment with beta-blocker67 may 
imply increased risk for immersion-induced 
pulmonary edema. Thus, we consider that the 
correct response to the discovery of undiag-
nosed or uncontrolled hypertension in a diving 
candidate is to refer them back to their primary 
care practitioner for review and initiation of 
antihypertensive treatment. Diving may be con-
sidered once the blood pressure is controlled. 
Bove66 suggests a systolic pressure of greater 
than 150 mm Hg and a diastolic pressure of 
greater than 95 mm Hg as a suitable defi nition 
of hypertension in divers.

Patent Foramen Ovale

A patent foramen ovale (PFO) is present in 20% 
to 34% (depending on age) of “normal” humans 
at autopsy.71 In life, these lesions are usually 
sought using transesophageal echocardiogra-
phy (TEE) or transthoracic echocardiography 
during administration of bubble contrast 
through a peripheral vein. Shunting of bubbles 
from the right to left atrium is then provoked 
using strategies such as the Valsalva maneuver. 
TEE is frequently referred to as the more sensi-
tive of the two echocardiographic techniques.72 
Not surprisingly, when these techniques were 
used in healthy divers (who had never suffered 
DCS), 31% were found to have a PFO.73

An association between PFO and nondiv-
ing disorders involving venous-to-arterial 
shunting of emboli has been known for some 
time. In theory, venous bubbles that are com-

monly formed after dives60 and that are nor-
mally fi ltered by the pulmonary capillary 
bed74 could also be introduced to the arterial 
circulation through a PFO. Using transthoracic 
echocardiography and bubble contrast, Moon 
and coworkers75 found that 37% of 30 divers 
with a history of DCS had a PFO, a proportion 
not markedly greater than found in the gen-
eral population. However, when they stratifi ed 
their divers according to severity, they found 
that 61% of 18 divers with serious neurologic 
DCS had a PFO. Similarly, Wilmshurst and col-
leagues76 found that 41% of 61 divers with a 
history of DCS had a PFO, compared with 66% 
of 29 divers with rapid-onset neurologic DCS. 
These data indicated that patients with a PFO 
were over-represented among victims of seri-
ous or rapid-onset neurologic DCS.

Subsequent studies have also linked PFO 
with neurologic and other forms of DCS. Using 
TEE and bubble contrast, Germonpre and 
coworkers77 found a PFO that shunted right to 
left spontaneously or could be readily pro-
voked into shunting in 51% of 37 divers who 
had suffered neurologic DCS and in 70% of a 
subgroup whose symptoms were mainly cere-
bral. This contrasted with 25% and 15%, 
respectively, of matched diver controls who 
had never suffered DCS. Using TEE and bubble 
contrast, Wilmshurst and Bryson78 found me-
dium-to-large PFOs (based on numbers of bub-
bles observed to shunt) in 52% of 100 divers 
with neurologic DCS and 12% of control div-
ers who had not suffered DCS. Spinal DCS 
occurred in a signifi cantly greater proportion 
of divers with a medium-to-large shunt than 
those without. In a subsequent study using 
similar methods, Wilmshurst and coworkers79 
showed that 49% of 61 divers with a history of 
cutaneous DCS had a spontaneous right-to-left 
shunt at rest compared with 5% of control div-
ers without DCS. In another case–control study 
involving 101 divers with a history of DCS and 
101 control divers with no such history, Can-
tais and others80 showed that a major right-
to-left shunt was present in 12% of control 
subjects versus 71% of vestibulocochlear cases, 
62% of cerebral cases, 32% of spinal cases, and 
15% of musculoskeletal cases. Shunting was 
detected using transcranial arterial Doppler 
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imaging after injection of bubble contrast into 
a peripheral vein and, therefore, was not de-
fi nitively linked to a PFO. A “major” shunt was 
indicated by detection of arterial bubbles 
above a threshold number in the absence 
of any provocation maneuvers. This over-
representation of right-to-left shunt among 
divers with vestibulocochlear DCS was sup-
ported by a case series in which all nine vic-
tims were found to have a right-to-left shunt.81 
Finally, Torti and colleagues82 surveyed the 
health history and performed TEE on 230 ex-
perienced divers. They reported an incidence 
of DCS symptoms clearly related to spinal or 
cerebral involvement of 5 per 10,000 dives in 
divers with a medium-to-large PFO versus 1 
per 10,000 dives in divers with a small PFO or 
no PFO. The “size” of PFO was gauged from 
numbers of shunted bubbles.

Another line of research related to PFO and 
diving arose around the fi nding of hyperin-
tense cerebral white matter lesions in divers 
who underwent magnetic resonance imaging 
(MRI) scans.83 Subsequently, Knauth and co-
workers84 subjected 87 experienced divers to 
cerebral MRI scans and bubble contrast tran-
scranial Doppler imaging to detect any right-
to-left shunt. Eleven of the 87 subjects had 
hyperintense white matter lesions, and only 
subjects with a signifi cant shunt exhibited 
multiple lesions. Schwerzmann and col-
leagues85 performed a similar study that in-
cluded experienced divers (n � 52) and a 
control group of nondivers (n � 52). All sub-
jects underwent cerebral MRI scans and a TEE 
to detect a PFO. The authors found 1.23 and 
0.64 cerebral white matter lesions per diver 
and 0.22 and 0.12 lesion per nondiver with 
and without PFO, respectively. This study sug-
gests that both diving and a PFO are cumula-
tive risk factors for these lesions, but it 
remains unestablished what these lesions rep-
resent and whether they have any functional 
signifi cance.

In summary, a PFO is associated with cere-
bral, spinal, vestibulocochlear, and cutaneous 
DCS, and with the fi nding of hyperintense ce-
rebral white matter lesions in both divers and 
nondivers on MRI scans. The size of the shunt 
facilitated by the PFO has consistently been 

found to be signifi cant, with large and sponta-
neous shunts being important, and small 
shunts being unimportant. This latter point is 
consistent with the greater risk for paradoxi-
cal embolic events in other contexts as PFO 
size increases.86 Taken at face value, these stud-
ies suggest a PFO is a signifi cant risk factor for 
serious DCS, and by logical extension, they 
support a case for screening of prospective 
divers for PFO after an episode of neurologic 
or cutaneous DCS, or even before entry to the 
sport or vocation. Many divers have enthusias-
tically embraced this concept. When partici-
pants on Internet diving discussion forums 
report an episode of DCS, a chorus of advice 
to check for a PFO inevitably follows. At least 
one prominent “technical diving” group insists 
on all participants being screened before par-
ticipation in diving. Prediving screening also 
has its medical advocates.87 Not surprisingly, 
percutaneous transcatheter PFO repairs for 
the purposes of facilitating diving are becom-
ing more common,88 particularly in enthusias-
tic divers who have suffered DCS and subse-
quently had a PFO detected.

In the face of this trend toward screening 
and invasive PFO repair procedures, others 
have urged caution in interpreting the hazards 
associated with a PFO in diving. Moon and 
Bove89 correctly point out that although PFO is 
common, serious DCS of the type associated 
with PFO remains rare. Arguably the best con-
temporary attempt at estimating the incidence 
of DCS across its entire range of severity in rec-
reational divers found 1 case per 10,000 dives.90 
Less than half of these cases could be expected 
to exhibit objective neurologic signs91 (and 
therefore be suffering from the DCS variants 
associated with PFO). It follows that the inci-
dence of those forms of DCS made more likely 
by a PFO is less than 1 in 20,000 dives in recre-
ational diving. As Moon and Bove89 point out, 
this “disconnection” between a prevalent risk 
factor and a rare disease is amplifi ed when it is 
considered that the formation of venous bub-
bles, the right-to-left shunting of which is the 
only plausible mechanism of risk from a PFO,92 
is common in recreational diving.60 It appears 
clear that, although a PFO is a risk factor for 
neurological DCS, there are other factors, some 
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of which are unclear, that must also combine to 
produce problems. Estimates of the relative risk 
of neurologic DCS implied by the presence of a 
PFO vary from 2.593 to 5.82 Based on the inci-
dence of neurologic DCS proposed earlier, this 
would increase the absolute risk in recreational 
diving to somewhere between 1 in 4000 and 
1 in 8000 dives.

Although this risk remains small, population 
statistics and the concepts of relative and abso-
lute risk often do not resonate deeply with the 
individual diver anxious about his or her own 
risk for DCS. Therefore, the diving physician will 
often be asked for referral for a TEE or other 
screening test. We consider such referrals to be 
justifi ed after an episode of neurologic, vestibu-
locochlear, or cutaneous DCS occurring after 
relatively nonprovocative diving, and not unrea-
sonable in the context of recurrent episodes of 
these DCS variants regardless of whether the 
diving was provocative. We do not consider 
referral appropriate after an episode of muscu-
loskeletal DCS or for the purpose of routine 
screening before diver training. One possible 
exception to the latter is the technical diver 
who will be performing deep decompression 
dives. Anecdote among diving physicians sup-
ports the notion that these divers are at greater 
risk for neurologic DCS. Given the nature of the 
diving involved, it is also plausible that they are 
at greater risk for development of the large ve-
nous bubble loads that, in theory, become more 
signifi cant in the presence of a PFO.

Any referral for investigation for PFO should 
be accompanied by thorough counseling about 
the implications. Our own practice is to make 
the following points that are designed to rectify 
prevalent omissions and misconceptions in our 
candidates’ reasoning around the issue:

 1. Although major harm is vanishingly rare 
during TEE, the procedure is uncomfort-
able, and probe insertion is abandoned in 
1% to 2% of examinations because of poor 
patient compliance.94 It is also expensive.

 2. A positive test, which is likely in 25% to 
30% of examinations, does not mean the 
diver will experience DCS if the lesion is 
not repaired. Indeed, those lesions that 
shunt small numbers of bubbles and only 

with signifi cant provocation probably have 
little bearing on the risk for DCS.

 3. Notwithstanding the previous point, if the 
diver elects to proceed with screening, 
there is a signifi cant chance that a PFO of 
relevant size or shunting behavior will be 
discovered, and he or she will then be 
faced with a decision about what to do 
about it. Options include ceasing diving, 
modifying diving practice, or having the 
PFO repaired; but if there is no intent to 
follow one of these paths, there is little 
point in having the test.

 4. A negative test does not mean the diver is 
“resistant” to DCS, as many seem to believe.

 5. The discovery of a PFO after an episode of 
neurologic DCS does not prove that the 
PFO caused the problem.

 6. As a corollary to the previous point, 
although the repair of a signifi cant PFO 
after neurologic DCS may reduce future 
risk, it does not guarantee that a similar 
DCS event will not occur again.

 7. Repair of a PFO is an invasive procedure 
and carries signifi cant risks.

Once a PFO has been discovered in a diving 
candidate or diver, some potentially diffi cult 
decisions must be made. When consulted by 
an untrained diving candidate with a known 
PFO, our response depends on the nature of 
the lesion. If the PFO was considered “large” or 
could be readily provoked into shunting, we 
would discourage diving on the basis that the 
candidate has a recognized but poorly under-
stood risk factor for serious DCS and little 
emotional or fi nancial investment in diving to 
date. We would discourage repair of the lesion 
to facilitate diving under these circumstances. 
If the PFO was considered “small” with mini-
mal shunting even on provocation, we would 
clear the candidate for diving after counseling 
the individual about the negligible relevance 
of the lesion to risk for DCS.

Dealing with the established diver who dis-
covers a PFO is more diffi cult. Our approach is 
dependent once again on the nature of the 
lesion, but also on the circumstances under 
which it was discovered. A diver with no his-
tory of neurologic DCS who discovers a small 
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lesion with minimal shunting despite provoca-
tion would be cleared to return to diving after 
counseling about the negligible relevance of 
the lesion to risk for DCS. At the opposite end 
of the spectrum, a diver with a moderate, large, 
or spontaneous shunt discovered after an epi-
sode of neurologic DCS would be counseled 
in detail about the options mentioned in point 
3 of the above list. These options include ceas-
ing diving, modifying diving practice, or hav-
ing the lesion repaired. Modifi cation of diving 
practice is aimed at reducing venous bubble 
formation by selecting conservative dive pro-
fi les and avoiding any postdive activities that 
might promote right-to-left shunting (such as 
lifting or straining).95 Notably, if the DCS event 
was particularly serious, occurred early in the 
diver’s career, or occurred after a nonprovoca-
tive dive, we might omit the option of continu-
ing diving with just a modifi cation of practice 
because the risk implied by the previous event 
might be too high. If repair of the PFO were 
contemplated, then there must be a clear un-
derstanding that although repair procedures 
are frequently described as safe, they still carry 
signifi cant risks.96 Whether the benefi t of a 
PFO repair justifi es these risks will depend 
signifi cantly on individual circumstances and 
would be diffi cult to determine objectively. 
Under some circumstances it might be the 
only option that would make us comfortable 
with endorsing continuation of diving.

Other Intracardiac Shunts

No data defi ne the diving risks associated with 
intracardiac and extracardiac shunts other than 
PFO, and the reader is referred to discussions 
by expert commentators on this subject.66 In 
brief, diving is not recommended in virtually all 
patients with an atrial septal defect, but there is 
minimal extra risk implied by a small, hemody-
namically insignifi cant ventricular septal defect 
or patent ductus arteriosis.

Rhythm Disturbances

Any history of a cardiac rhythm disturbance 
that causes syncope or incapacitation should 
result in withholding of clearance to dive, at 

least until the problem is resolved.66 The use of 
modern permanent pacemakers in some of 
these conditions may allow individuals to suc-
cessfully participate in moderately strenuous 
activity including diving.7,66 If diving is contem-
plated, the interval pacemaker checks must be 
up to date, and the pressure tolerance of each 
individual device should be checked with its 
manufacturer. In contrast, the use of implant-
able defi brillators as a “backstop” in relevant 
disorders such as long QT syndrome disorders 
is not an acceptable solution for the purposes 
of facilitating diving because the subject may 
be transiently incapacitated despite successful 
operation of the device.

Respiratory Problems

Asthma

Asthma is a clinical syndrome characterized 
by wheezing, cough, shortness of breath, and 
chest tightness. Infl ammatory changes cause 
the bronchial smooth muscle to be hyper-
responsive to a variety of stimuli including 
exercise and dry air. During an asthma attack, 
there is both muscular constriction of the air-
ways and infl ammatory swelling of the respi-
ratory endothelium. The narrowed airways 
combined with the production of thick, dry 
mucus may limit airfl ow.

Historically, recent or currently active 
asthma has been considered an absolute con-
traindication to compressed gas diving.97 
Since the mid-1990s, this position has come 
under increasing scrutiny, with both the Un-
dersea and Hyperbaric Medicine Society and 
the South Pacifi c Underwater Medicine Soci-
ety devoting recent workshops to the ques-
tion: Should asthmatics dive?98,99 Both work-
shops identify several reasons why divers 
with asthma may be at greater risk:

 1. Bronchial hyper-responsiveness may lead to 
air trapping during ascent and overpressure 
within the lung units involved, therefore 
increasing the risk for PBT and cerebral 
arterial gas embolism (CAGE).

 2. Even in an individual with well-controlled 
asthma, an exacerbation may be provoked 

              



80 Section II Technical Aspects

in response to exercise, saltwater aspiration, 
or breathing dry, cold air. Such an exacerba-
tion is diffi cult to treat while submerged 
and may restrict the ability of a diver to 
safely complete or abort the dive.

 3. A diving regulator may produce a fi ne mist 
of seawater (hypertonic saline with added 
biomass), which may provoke broncho-
constriction. This assertion has yet to be 
clearly demonstrated in practice.

 4. Added resistance in the regulator and in-
creased gas density at depth will increase 
the work of breathing, further exhausting 
an individual with acute bronchospasm.

 5. A possibility exists that bronchodilators may 
provoke the passage of venous bubbles 
across the pulmonary capillary bed and, 
therefore, predispose an individual with 
asthma to DCS. This has been demonstrated 
in dogs given aminophylline74 but has not 
been investigated in humans.

Despite these concerns, some evidence has 
been reported that individuals with asthma 
are represented in the diving population in a 
proportion comparable with the general pop-
ulation,100 and it has proved diffi cult to show 
with confi dence that those divers are at sig-
nifi cantly greater risk than divers without 
asthma. Table 5.1 summarizes the published 
data on the rate of diving-related injuries in 
divers with versus without asthma. Farrell and 
Glanvill101 were the fi rst to attempt to address 
whether individuals with asthma were over-
represented in dive injury statistics. They and 
others concluded there was no good evidence 
of a signifi cantly increased risk for DCS or 
PBT.102–106 Exceptions to these general conclu-
sions were reported by Edmonds107 and Cor-
son and coworkers.108 Edmonds107 retrospec-
tively reviewed 100 diving fatality reports and 
concluded that 9% were associated with 
asthma. He assumed that the prevalence of 
asthma in active divers was less than 1% and 
concluded that asthmatics were over-repre-
sented in these fatalities. Corson and cowork-
ers108 compared an estimate of the incidence 
of DCS and CAGE in divers with asthma to 
group data from unselected British divers and 
concluded that the odds of DCS in divers with 

asthma were signifi cantly greater than in the 
control divers (odds ratio, 4.16). Despite this, 
most authorities seem to have accepted that 
individuals with asthma are not signifi cantly 
over-represented in either diving fatalities or 
diving injury statistics.98

Asthma treatment guidelines are under con-
stant evolution.109 Current guidelines for treat-
ment are published and updated annually by 
the National Heart, Lung and Blood Institute and 
can be found online through the National Guide-
line Clearinghouse (www.guideline.gov).110 The 
general approach to pharmacologic therapy is 
to step up medication until control of symp-
toms is achieved, as summarized in Table 5.2. 
Assuming that patients have been assessed and 
treated according to this schema, and accepting 
that each decision will be highly individual, it 
appears likely that those who have moved 
beyond step 2 or 3 above would be advised not 
to dive by many diving physicians.

A proposed schema for dealing with a 
diving candidate with asthma is proposed in 
Figure 5.3. Most diving physicians accept that 
candidates with an asthma history and abnor-
mal lung function (FVC or FEV1 �20% less than 
predicted, or FEV1/FVC ratio �75% of pre-
dicted) on simple spirometry should be advised 
not to undertake compressed gas diving. It is 
possible that such candidates may improve 
their results after optimization of medication, 
and that retesting could then be undertaken 
(see Fig. 5.3). The most contentious problem is 
how to advise asymptomatic “active” asthmatics 
(wheeze or medication within 5 years) who 
have normal spirometry. Normal spirometry 
implies “normal” lung function, but the airways 
may remain hyper-reactive, and resistance in 
peripheral airways may be increased despite a 
normal FEV1.111 One logical approach to this 
conundrum is to further evaluate the candi-
date’s current tendency to bronchial hyper-
reactivity using a bronchial provocation test 
chosen to have some relevance to diving.

The role of bronchial provocation testing 
in the setting of the diving medical examina-
tion has been reviewed by the Thoracic 
Society of Australia and New Zealand,112 and a 
summary of some of the available tests is 
given in Table 5.3.
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These tests may be classifi ed as “direct” or 
“indirect.” Direct methods involve spirometry 
before and after exposure to a nebulized phar-
macologic agent (typically methacholine or his-
tamine) that directly stimulates bronchial 
smooth muscle receptors. These tests actually 
assess hyper-reactivity and are not specifi c for 
asthma.113 Given a high enough dose, nearly all 
individuals will react with bronchial constric-

tion, and it is not clear there is any case for 
excluding an individual from diving based on 
these tests in isolation. We favor indirect tests 
that involve the performance of spirometry 
before and after dry-air hyperpnea, exercise, or 
exposure to nebulized hypertonic saline. Most 
authorities accept a reduction in FEV1 of greater 
than 15% as a “positive response” to indirect 
challenges, and the same implication is derived 

Table 5.1 Summary of Studies Investigating the Association between Asthma 
and Diving Mishaps

PUBLISHED DATA SUBJECTS OUTCOME CONCLUSIONS

Farrell and Glanvill, 
1990101

104 divers with asthma (survey 
responders)

12,864 dives; 2 episodes of 
DCS; 21% dived within 
12 hours of wheezing

Low incidence of DCS—BSAC 
policy of waiting 48 hours 
after wheezing is safe

Edmonds, 1991107 Retrospective review of 100 
diving fatalities

9% associated with asthma 
compared with an assumed 
�1% prevalence rate of 
asthma among divers

If history of asthma in last 
5 years or evidence of 
hyper-responsiveness, 
should not dive

Corson and 
colleagues, 1991102

Retrospective review of DAN 
accident data 1987 to 1990 
(1213 cases vs. 696 control 
divers)

Overall prevalence rate of 
4.5% for cases vs. 5.3% for 
control subjects

OR for AGE: 1.58 (95% CI, 
0.80–2.99)

OR for DCS: 0.74 (95% CI, 
0.43–1.24)

No statistically signifi cant 
increase in risk overall 
Perhaps as much as double 
risk for AGE in current individ-
uals with asthma—possible 
small increased risk for AGE

Corson and 
colleagues, 1992108

279 divers with asthma (survey 
responders)

56,334 dives; 11 episodes 
of DCS in 8 individuals; this 
rate was compared with 
an estimated risk for 
unselected divers

OR for DCS in asthmatics: 
4.16; P � 0.00001

Neuman and 
colleagues, 1994103

5% prevalence of asthma 
among U.S. divers; 
1 asthmatic fatality in 
2132 deaths

Risks in individuals with 
inactive asthma are probably 
similar to individuals without 
asthma

Dovenbarger, 1996104 Retrospective review of DAN 
accident data 1988 to 1994

6.2% prevalence rate of 
asthma among divers with 
AGE; 4.5% prevalence rate 
of asthma among divers 
with DCS

No good evidence of 
overrepresentation for 
individuals with asthma, but 
denominator unknown

Koehle and colleagues, 
2003105

Systematic review including 
Farrell and Glanvill, 1990101; 
Corson, 1991102; Corson, 
1992108 

Critical analysis of published 
data to 2003 to gain an 
overall estimate of any 
increased risk 

Some weak evidence of an 
increased risk for DCS in indi-
viduals with asthma—decision 
to dive should be made 
through informed, shared 
assessment

Glanvill and 
colleagues, 2005106

Cohort of 100 divers with 
asthma and studied over 5 
years (12,697 dives)

One case of DCS; unrelated 
to wheezing and found to 
have a large PFO,

12 divers reported wheezing 
underwater

Individuals with well-controlled 
asthma have low risk

AGE, arterial gas embolism; BSAC, British Sub-Aqua Club; CI, confi dence interval; DAN, Divers Alert Network; DCS, decompression sickness; OR, odds ratio; 
PFO, patent foramen ovale.

Data from Walker R: Are asthmatics fi t to dive? Diving Hyperb Med 36:213–219, 2006.
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from demonstrating more than a 15% improve-
ment with the administration of a broncho-
dilator. The choice of test will depend partly on 
local resources, but both exercise and 4.5% sa-
line have the benefi t of exposing the candidate 
to stimuli that may actually be encountered dur-
ing scuba diving. Indeed, it is not uncommon 
for a prospective diver to voluntarily withdraw 
from dive training after having a signifi cant re-
sponse to these indirect tests; the implications 
are all too obvious to them. Another advantage 
is that treatment with inhaled corticosteroids 
will reduce bronchial hyper-reactivity to these 
challenges over several weeks, making them 
useful indicators of the response to therapy.114

It is our practice to strongly suggest that 
diving is inadvisable for any individual with 
asthma with positive results of bronchial 
provocation testing by an indirect method. In 
these situations, we suggest counseling with 
regard to the theoretical dangers discussed 
earlier and the implications of the response to 
the challenge. We also encourage those who 

express great disappointment to seek further 
treatment advice from a specialist respiratory 
physician and to consider retesting when bet-
ter control has been established according to 
the stepwise approach outlined in Table 5.2. 
We accept there are data to suggest that some 
individuals with asthma who would have pos-
itive bronchial hyper-reactivity testing results 
are successfully diving.115 Nevertheless, we 
believe there may be a net advantage in iden-
tifying and treating such individuals before 
recommending dive training.

Although a current asthmatic with normal 
spirometry and a negative bronchial provoca-
tion test may be allowed to dive, this does not 
mean the individual should give no further 
thought to his or her condition. There are two 
relevant issues: (1) continuing control and 
monitoring, and (2) how long to wait after 
requiring reliever medication. All individuals 
with active asthma should be strongly encour-
aged to monitor their peak fl ow regularly. 
Opinions differ, but the British Sub-Aqua Club 

Table 5.2 Therapeutic Steps in Achieving Asthma Control

STEP AND THE MOST 
RECOMMENDED THERAPY PATIENT TYPE

EVIDENCE LEVEL OF TREATMENT 
RECOMMENDATION

One: As needed reliever 
medication

Rapid-acting �2 agonist

1. Untreated patients with occasional 
daytime symptoms, occasional nocturnal 
symptoms; normal lung function 
between episodes

2. Exercise-induced asthma as only 
manifestation

(B) Some randomized evidence, but not 
defi nitive

(A) Good randomized evidence

Two: Reliever plus single 
controller

Rapid-acting �2 agonist plus 
low-dose inhaled 
glucocorticoid

Symptoms more frequent than above, or 
not controlled with step one

(A) Good randomized evidence

Three: Reliever plus two 
controllers

Rapid-acting �2 agonist plus 
inhaled glucocorticoid

If symptoms not controlled at step two, 
consider adding LABA or increasing to 
medium-dose ICS

(A) Good randomized evidence

Four: Reliever plus two or more 
controllers

Rapid-acting �2 agonist plus 
inhaled glucocorticoid plus 
third agent

If not controlled at step three, should be 
referred to specialist

Use medium- or high-dose ICS with LABA; 
may need to add a leukotriene inhibitor 
or long-acting theophylline

(B) Some randomized evidence, but not 
defi nitive

Five: Reliever plus additional 
controller options

Consider oral glucocorticoids or Anti-IgE (D) Expert panel opinion
(A) Randomized evidence

ICS, inhaled corticosteroid; LABA, long-acting �2 agonist.
From Global Initiative for Asthma (GINA): Global strategy for asthma management and prevention. Bethesda, Md, National Heart, Lung and Blood Institute 

(NHLBI), 2006.
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guidelines suggest peak expiratory fl ow esti-
mation twice daily during diving periods and 
recommend no diving if the peak expiratory 
fl ow rate is more than 10% less than their best 
value.116 Opinions also differ on how long an 
individual with asthma should refrain from 
diving after an episode of wheezing. Glanvill 
and colleagues106 examined the reported ac-

tivity of 100 divers with asthma and suggest 
the current British Sub-Aqua Club guideline of 
48 hours appears to be suffi ciently restrictive. 
Finally, we strongly advise divers specifi cally 
against taking a reliever medication and div-
ing immediately, but also counsel them not to 
take this as a recommendation to proceed 
with a dive when actively wheezing!

Dive candidate for medical assessment

No asthma history 
or current 
symptoms

Asthma history or current 
symptoms/medication?

No wheezing or 
medication last 5 years

Wheezing or 
medication in the last 

5 years

Known to be poorly 
controlled or Step 4** and 

above

Spirometry Spirometry
Discuss risks of 

diving with asthma* 
Advise against 

divingSpirometry 
normal

  Spirometry abnormal: 

FEV1 or FVC <80%
FEV1/FVC  <75%
PEF  <80%

Spirometry 
normal

Administer bronchial 
provocation test. Consider 
hypertonic saline, exercise, 

or hyperpnoea

Discuss risks of diving with 
asthma* 

Advise against diving

No respiratory 
condition relevant 

for diving

<15% decrement on 
challenge AND

<15% improvement 
with bronchodilator 
Adequately controlled

>15% decrement on 
challenge, OR 

>15% improvement with 
bronchodilator

 Not adequately controlled

Consider optimizing 
treatment and testing

Discuss risks of diving with 
asthma*

Allow diving with due care

Discuss risks of diving with 
asthma*

Advise against diving

Consider optimizing 
treatment and retesting

Figure 5.3 A suggested schema for dealing with individuals with asthma who present for an 
assessment for fi tness to dive. *See text for a discussion of appropriate advice. **Step 4 refers 
to the incremental treatment protocol described in Table 5.3. FEV1, forced expiratory volume in 
1 second; FVC, forced vital capacity; PEF, peak expiratory fl ow.
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Chronic Airways Limitation

The term chronic airways limitation en-
compasses emphysema and chronic obstruc-
tive airways disease. Few individuals with 
signifi cant chronic airways limitation present 
for entry-level diving medical examinations 
because of limitations in exercise tolerance. 
In some asymptomatic candidates, chronic 
airways limitation will be indicated by abnor-
mal spirometry. Such candidates should be 
advised that they are unlikely to cope with 
the physical demands of diving, and that div-
ing is likely to involve an unacceptable risk 
for PBT. There is never likely to be reliable 
evidence that defi nitively validates these 
concerns, but theoretical considerations sug-
gest they are appropriate.

Bullous Disease, Spontaneous 
Pneumothorax, and Other Problems

Any condition in which bullous disease or 
subpleural “blebs” are known to be present 
is considered a contraindication to diving 
(Table 5.4). If these air-fi lled spaces do not 
readily communicate with the airway, there is 
a risk for PBT and CAGE through shearing 
forces within the lung, or between the lung 
and chest wall, particularly during ascent. 
This risk is largely theoretical, and for obvious 
reasons, it is unlikely that relevant data will 
be forthcoming.

Spontaneous pneumothorax is generally 
regarded as an absolute contraindication to div-
ing. Surgical pleurodesis is commonly under-
taken after a second event to prevent further 

recurrence and has been used to reduce the 
risks for dysbaric injury in aircrew.117 However, 
no good evidence has been reported that this 
procedure will be protective in diving where 
the volume changes are potentially much 
greater and where PBT may be complicated by 
CAGE. Although the lung may be less likely to 
collapse, the pleurodesis does not remove the 
blebs that predispose to PBT. Diving is consid-
ered contraindicated after spontaneous pneu-
mothorax, even when a pleurodesis has been 
performed.

Previous penetrating chest injuries, trau-
matic pneumothorax, interstitial lung disease, 
necrotizing pneumonias, and chest surgery 
where the pleura is entered (and especially 
where the lung is operated on) are also con-
sidered to be conditions where diving is not 
recommended. In theory, any scar within the 
lungs may create adjacent areas of nonhomo-
geneous compliance, promote gas trapping, 
and predispose the candidate to PBT. Little 
clinical evidence exists to confi rm this view, 
however, and an honest risk assessment should 
acknowledge both the theoretical risks and 
the lack of confi rmatory clinical evidence. 
When asked to advise an experienced diver 
who has suffered a traumatic or surgical pneu-
mothorax, one approach is to discuss all risks 
described earlier and then perform a high-
resolution CT of the lung to exclude any gross 
scarring. In assisting the diver to come to a 
risk versus benefi t decision about diving, it 
has been our practice to suggest that a normal 
high-resolution CT is compatible with a lower 
risk for PBT and CAGE; however, this is an 
entirely theoretical assessment.

Table 5.3 Summary of Available Indirect Methods of Bronchial Provocation Testing

PROVOCATION TEST BRIEF DESCRIPTION

Hypertonic saline (4.5%) Candidate inspires a wet aerosol of 4.5% saline for a stepwise increasing time with 
measurement at each step.

Exercise Run outside to 80% of predicted maximum for no more than 10 minutes. Perform 
spirometry 5 minutes after completion of exercise.

Dry air hyperpnea Hyperpnea of dry air containing 5% CO2 at room temperature for 6 minutes at a ventilation 
equivalent to 30 times baseline FEV1.

Mannitol Uses a dry mannitol powder aerosol to present an osmotic challenge similar to hypertonic saline.

Readers should perform such tests only after appropriate training and accreditation.
FEV1, forced expiratory volume in 1 second.

              



CHAPTER 5 Clearance to Dive and Fitness for Work 85

Bleomycin

Bleomycin is an antineoplastic antibiotic that 
exerts cytotoxic effects by producing free 
oxygen radicals and inhibiting angiogene-
sis.118 The most dramatic adverse effect of 
this drug is the induction of pneumonitis in 
about 20% of patients in whom the early 
mortality rate may be as high as 25%.119 In 
vivo studies of concurrent oxygen and bleo-
mycin administration support the concern 
that use of supplemental oxygen is a potent 
risk factor for the development of this com-
plication.120 There is a widespread percep-
tion that supplemental oxygen can provoke 
pulmonary fi brosis many years after bleomy-
cin exposure, but this has not been sup-
ported by clinical human data.121,122 Although 
the connection between high inspired oxy-
gen pressure and bleomycin-related lung 
damage is poorly established, it is prudent to 
clearly advise prospective divers of this 
potentially fatal complication and to discuss 
diving with their oncologist.

Diabetes

Diabetes that requires medication has been 
(and still widely is) considered a contraindi-
cation to diving because of the potential for 

hypoglycemic events, the frequency of co-
morbidity such as ischemic heart disease, and 
the potential for complications of diabetes to 
be mistaken for DCS.123–127 Since the late 
1990s, however, there has been a gradual soft-
ening of attitudes toward diving by individu-
als with diabetes. Several studies have demon-
strated the feasibility of safe blood glucose 
management by individuals with diabetes 
who dive,124,127 and it has become clear that 
individuals with diabetes are participating in 
recreational diving regardless of whether the 
diving medical organizations endorse this.128 
Moreover, notwithstanding the potential for 
bias in the relevant surveys, they appear to be 
diving with an incidence of problems similar 
to that recorded among populations of non-
diabetic divers.128,129

In 2005, a consensus workshop of experts 
debated recreational diving by individuals with 
diabetes and promulgated guidelines for selec-
tion and surveillance of divers with diabetes, 
the scope of diving considered appropriate, 
and management of blood glucose on the day 
of diving.130 The guidelines for selection and 
surveillance are prefaced by a reminder that 
the candidate must be suitable for diving in all 
respects other than suffering diabetes, and 
recommend an eight-step procedure for evalu-
ation and annual surveillance. Although a de-
tailed discussion of these guidelines is beyond 

Table 5.4 Some Respiratory Conditions Associated with Air Trapping and/or Shearing 
Forces on Distention

CONDITIONS ASSOCIATED WITH BULLAE, 
BLEBS, OR DIFFERENTIAL LUNG COMPLIANCE

COMMENTS

Spontaneous pneumothorax Associated with apical blebs; likely to recur, particularly within 2 years, 
even without barometric stress

Penetrating chest injury with lung injury or traumatic 
pneumothorax

Scars in the lung tissue may predispose to pulmonary barotrauma 
from shearing forces

Chest surgery including any operation where the visceral 
pleura is breached

Scars in the lung tissue may predispose to pulmonary barotrauma 
from shearing forces

Interstitial lung diseases, e.g., sarcoid, cystic fi brosis May be associated with air trapping and signifi cant exercise limitation
Connective tissue disorders, e.g., Marfan’s disease, 

Ehlers–Danlos syndrome
May be associated with apical blebs or variable alveolar compliance

Infections, e.g., tuberculosis May result in scarring and differential compliance and exercise 
limitation

Candidates with any of these conditions are generally counseled against diving.
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the scope of this chapter, the general aim is to 
ensure that the prospective diver with diabe-
tes is familiar enough with the disease to un-
derstand the relation between various stress-
ors and hypoglycemic reactions, that the 
likelihood of experiencing development of a 
hypoglycemic reaction is acceptably low, and 
that there are no complications of diabetes 
(e.g., coronary artery disease) that might be 
incompatible with diving. Any hyperbaric 
physician who may become involved in the 
evaluation of diving candidates with diabetes 
is strongly recommended to purchase the re-
cently published guidelines.130

Ear, Nose, and Throat Problems

Clearance to dive must not be given to a can-
didate who cannot insuffl ate the middle 
ear via the eustachian tubes. The paranasal 
sinuses must also equalize with ambient pres-
sure during compression via their boney ostia. 
However, the ability to equalize the sinuses is 
diffi cult to assess in the offi ce, and problems 
with sinuses typically present when a candi-
date performs his or her fi rst open-water 
dives. The most common cause of temporary 
inability to “equalize” the middle ear and 
sinuses is an upper respiratory tract infection. 
Persistent problems are best dealt with by 
referral to an appropriate surgeon.

Potential causes of hearing loss in diving 
were mentioned briefl y earlier. These include 
noise exposure and disorders such as inner-ear 
barotrauma and DCS. A conundrum that often 
arises is how to advise the candidate or diver 
who exhibits signifi cant preexisting hearing 
loss. No consensus on a defi nition for “severe” 
in this context has been reached. Farmer131 
proposes that any loss greater than 20 dB in the 
speech frequencies 200 to 2000 Hz or a speech 
discrimination score less than 90% should 
result in disqualifi cation. In practice, this rec-
ommendation is not always followed among 
occupational divers because disqualifi cation 
has such profound implications and noise-
induced hearing loss is common. When a new 
diving candidate exhibits signifi cant preexist-
ing hearing loss, he or she should be counseled 

about the potential for further loss associated 
with diving. In candidates who rely heavily on 
their hearing professionally, such as pilots or 
musicians, such counseling should occur even 
if their hearing is perfect. Established divers 
who exhibit hearing loss should be counseled 
about the potential for the problem to progress 
with further exposure to the diving environ-
ment and be given advice about ear protection 
in noisy environments. Finally, we discourage 
any candidate who is completely deaf in one 
ear from diving because the functional conse-
quences of an accident involving their good 
ear are too serious.

Any history of ear surgery should alert the 
examiner to the possibility of poor eustachian 
tube function. Most diving physicians agree 
that a successful tympanic membrane repair is 
compatible with diving providing eustachian 
tube function is intact. A candidate with a 
persistent tympanic membrane perforation or 
with tympanostomy tubes should not be 
cleared to dive because there is a risk for infec-
tion or troublesome caloric stimulation when 
water enters the middle ear. Simple mastoidec-
tomy is compatible with diving provided the 
eustachian tube functions adequately. A radical 
mastoidectomy or modifi ed radical mastoidec-
tomy leaves the middle-ear space open to the 
environment and is thus not compatible with 
diving. A stapedectomy procedure has long 
been considered to be a contraindication to 
diving because of concerns over increased risk 
for inner-ear barotrauma.3 Based on a retro-
spective survey that involved 22 patients who 
dived after stapedectomy,132 it was concluded 
that “stapedectomy does not appear to increase 
the risk of inner ear barotrauma in scuba 
divers.” In our opinion, this report does not 
establish the relative risk, and we would still 
discourage patients who had undergone a sta-
pedectomy from diving. There is little experi-
ence to date of diving by patients with cochlear 
implants. Testing of implant components under 
hyperbaric conditions to 6 ATA demonstrated 
no problems,133 and there is anecdote support-
ive of their use during actual diving.134 Medical 
diseases of the vestibulocochlear apparatus 
that cause vertigo and ataxia, such as Ménière’s 
disease and viral labyrinthitis, are incompatible 
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with diving. However, candidates who have 
fully recovered after a single episode of labyrin-
thitis may dive.

Return to diving after middle-ear baro-
trauma is contingent on the tympanic mem-
brane being intact, the resolution of oto-
scopic abnormalities, and demonstration of 
the ability to insuffl ate the middle-ear space 
via the eustachian tube. Return to diving after 
inner-ear barotrauma is also contingent on a 
full recovery but remains controversial,135 
mainly because of concerns over persisting 
predispositions. For example, divers with a 
degree of eustachian tube dysfunction who 
are forced to Valsalva vigorously to insuffl ate 
the middle-ear space are probably at risk for 
recurrent inner-ear barotrauma. It would be 
appropriate to counsel such a diver against 
further diving unless something could be 
done to improve his or her eustachian tube 
function. In contrast, return to diving might 
be appropriate for a fully recovered diver 
whose event appeared to be attributable to a 
problem that could be avoided in the future, 
such as temporary eustachian tube dysfunc-
tion caused by an upper respiratory tract in-
fection. Patients must be counseled about the 
risks of a repeated event, possibly with a 
worse outcome, including deafness. Although 
arbitrary, we usually recommend a period of 
several months with no diving in those candi-
dates for whom a return appears to be appro-
priate, and longer periods if surgical repair of 
a perilymph fi stula was undertaken.

Neurologic Problems

Epilepsy is a contraindication to diving because 
of the disastrous consequences of a seizure 
underwater. Unfortunately, seizure control in 
daily life cannot be confi dently extrapolated 
into the underwater environment where 
unique epileptogenic stimuli are encountered. 
These views are widely accepted, even among 
contemporary reviewers who advocate partici-
pation by individuals with epilepsy in a wide 
variety of sports.136 Provided the diagnosis was 
certain and not complicated by predictors of 
subsequent nonfebrile seizures,137 adult candi-

dates with a history of febrile convulsions in 
childhood may be cleared to dive. A history of 
a syncopal event without a clear explanation 
must be investigated, and provided there is no 
evidence for epilepsy (including a normal EEG) 
or another signifi cant risk for diving (such as a 
cardiac arrhythmia), it would be reasonable 
to permit diving after a suitable interval of 
observation.

A related concern is how to approach the 
patient who has had a severe head injury and 
now wishes to dive. The standardized incidence 
ratio (indexed to the rate of new unprovoked 
seizures in the general population) for post-
traumatic seizures in mild, moderate, and severe 
head injuries is 1.5, 2.9, and 17, respectively.138 
After severe head injury, the standardized inci-
dence ratio was 95, 17, 12, 4 for the time peri-
ods less than 1 year, 1 to 4 years, 5 to 9 years, 
and 10 or more years, respectively, indicating 
that, although the greatest danger period for 
development of new seizures is in the fi rst year 
after injury, the risk remains signifi cantly in-
creased for at least 5 to 10 years. The cumula-
tive probability of a new seizure in the severely 
injury group was approximately 7% at 1 year, 
10% at 5 years, and 13% at 10 years. Based on 
these data, we would attempt to discourage a 
patient who had suffered a severe traumatic 
head injury from any recreational diving, and 
we would not clear such a candidate for occu-
pational diving. For the patient with mild head 
injury (no fracture, contusion, or bleed, and loss 
of consciousness or amnesia for no more than 
30 minutes), the standardized incidence ratio 
for new seizures is 3.1 for the fi rst year and 2.1 
for the next 4 years, after which there is no 
increase in risk for new seizures over that for 
the general population. We consider the abso-
lute risk implied by these fi gures to be suffi -
ciently small as to justify only a short delay in 
return to diving provided the candidate is 
appropriately counseled about risk. Conserva-
tive (or risk-averse) patients may consider a 
5-year wait to be justifi ed.

For patients with migraine headache with-
out aura, a decision on clearance to dive should 
be based on the frequency and severity of 
events. Migraine with a neurologic “aura” raises 
concerns because an aura phase of a migraine 
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might be mistaken for DCS and result in inap-
propriate evacuation and treatment. Moreover, 
some manifestations would compromise safety 
if they occurred during a dive. In addition, a 
clear link has been established between mi-
graine with aura and the presence of a signifi -
cant right-to-left intracardiac shunt, usually via a 
PFO.139 The link between a signifi cant PFO and 
serious neurologic DCS was discussed earlier. 
The diving physician must interpret this com-
plex inter-relation of pathologies in formulating 
an approach to these candidates. Our view is 
that these issues constitute reason enough to 
refuse clearance to dive. However, after appro-
priate counseling, these candidates may be a 
group in whom prospective screening for a 
PFO is justifi ed because the benefi ts of PFO 
closure might extend beyond facilitation of a 
diving hobby.140,141

Obesity

Obesity, usually defi ned as a body mass 
index (BMI) greater than 30, is viewed as dis-
advantageous in diving because it is a predic-
tor of problems such as hypertension and 
ischemic heart disease, it potentially reduces 
physical performance in the water, and it has 
long been considered a risk factor for DCS.142 
Experimental data from human dives show 
greater bubble formation after dive in subjects 
with greater percentages of body fat.59 In addi-
tion, observations dating back to Pol and 
Wattelle143 have identifi ed obesity as a risk fac-
tor for clinical DCS. Lam and Yau144 have deter-
mined risk factors for DCS among 932 caisson 
workers using multivariate analysis and found 
that obesity was an independent risk factor 
with an odds ratio for DCS of 2.2. Some con-
fl icting data remain in the literature, however. 
For example, Conkin and colleagues58 did not 
fi nd BMI to be predictive of venous bubble 
formation after hypobaric decompression, and 
an observational study involving 1742 dive 
training professionals failed to identify a link 
between risk for DCS and being “overweight.”63 
Although it appears reasonable to conclude 
that obesity is undesirable in diving, it is 
not clear where to set a threshold BMI for the 

purposes of exclusion,145 or even if exclusion 
based simply on BMI is appropriate at all. We 
favor an approach based on the candidate’s 
ability to satisfy the requirements of the func-
tional analysis for diving proposed earlier in 
this chapter. If a candidate is suffi ciently obese 
or unfi t to be incapable of meeting these 
requirements, the person probably should not 
be diving. It would also seem prudent to coun-
sel the overweight diver about his or her theo-
retically increased risk for DCS and the advis-
ability of diving conservative time–depth–ascent 
rate profi les.

Pregnancy

Diving is not recommended during preg-
nancy. In part, this is related to the disadvanta-
geous side effects of pregnancy on the female 
diver, which include nausea and vomiting, the 
impairment of exercise tolerance that occurs 
in late pregnancy, and the associated abdomi-
nal distension that complicates equipment 
confi guration.50 However, the major concerns 
focus on the risk for harm to the fetus from 
exposure to high oxygen tensions and from 
DCS. The Undersea and Hyperbaric Medical 
Society dedicated a workshop to this issue,  
and the proceedings summarize the relevant 
in vivo evidence, which is confl icting.146 Few 
human data are available. A survey that com-
pared outcomes for 109 women who dived 
during pregnancy with those for 69 female 
divers who refrained showed a greater rate of 
birth defects in those who dived, but the rate 
remained within that expected for the 
general population.147 Insuffi cient data are 
available to defi ne the risk of diving during 
pregnancy, and a conservative recommenda-
tion not to dive is considered an appropriate 
default position.

Psychiatric Disorders

Patients with major depression, bipolar dis-
order, or psychoses should not dive for rea-
sons that are largely self-evident. Although 
there are essentially no data that establish 
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greater risk in these groups, it seems plausi-
ble that such patients may be less likely to 
concentrate and function appropriately and 
more likely to exhibit erratic unpredictable 
behavior. Perhaps the most troublesome 
group of “psychiatric” patients in the mod-
ern context are those with “mild” depression 
or “dysthymic” disorders who are treated 
with selective serotonin reuptake inhibitors. 
Concerns over diving while taking selective 
serotonin reuptake inhibitors relate to the 
psychiatric disorder being treated and to 
the potential interaction between the drug 
and diving. These drugs may cause drowsi-
ness (albeit less than caused by tricyclic 
antidepressants) and may lower the seizure 
threshold, especially in overdose.148 Never-
theless, no reports have been published of 
apparent problems despite what is almost 
certainly a large number of divers taking 
them. We would allow diving by a patient 
taking an selective serotonin reuptake 
inhibitor provided that the treated mood 
disturbance was mild before treatment and 
has been well controlled by the drug, the 
drug has been used for at least 1 month 
without evidence of relevant side effects, 
and the diver understands and accepts the 
relevant theoretical risks.

Return to Diving after Illness

In general, return to diving after recovery 
from illness is contingent on full recovery of 
a functional capacity compatible with safe 
diving. A prevalent belief among divers is 
that injury, surgical scarring, or the presence 
of metal implants will cause perturbation of 
local perfusion and a predisposition to DCS. 
Although this cannot be defi nitively excluded, 
there is little support for the concern in the 
literature. We usually advise that return to div-
ing is appropriate once both the treating 
clinician and the diver agree that the injury is 
suffi ciently recovered to cope with the usual 
demands of diving. Any wounds should be 
completely healed.

After DCS, a return to diving should not 
be contemplated unless the diver makes a 

complete recovery.149 Thus, careful clinical 
examination is important, and investigations 
may be necessary. For example, residual 
abnormalities could be detected by electro-
nystagmography in a signifi cant proportion 
of patients who claimed to be asymptomatic 
after vestibular DCS.135 In addition, return to 
diving is appropriate only if the initial event 
did not suggest any preexisting predisposi-
tion, as would be implied by a serious neuro-
logic event after a dive well inside the limits 
prescribed by the dive table or computer 
used. This would require follow-up by a spe-
cialist diving physician and would likely jus-
tify a range of investigations including a bub-
ble contrast TEE to check for a PFO that 
readily shunts from right to left. Where there 
is a complete recovery and no indication of 
predisposition, a return to diving is appropri-
ate. It is customary to recommend a period of 
at least 1 month with no diving after recovery 
from the initial event, although intervals as 
short as 24 hours have been endorsed if the 
symptoms were mild.149 It is also prudent to 
counsel the patient that no guarantees can be 
given that a similar DCS event (or worse) will 
not occur again. If the patient is risk averse, 
he or she may choose to give up diving. Expe-
rienced diving physicians may also provide 
advice about diving practices that may 
reduce the risk for future events.

In AGE suspected to involve PBT, decision 
making is complicated by the possibility that 
there may be a preexisting anatomic disorder 
or that the barotrauma may have caused paren-
chymal scarring that might become a future 
predisposition. Investigation of these issues 
using techniques such as high-resolution CT 
scanning and the related concerns over sensi-
tivity and specifi city have been discussed else-
where. There is no universally accepted policy 
on return to diving after AGE involving PBT. Our 
own approach is to discourage further diving 
after suspected PBT. However, if there is no 
objective evidence of preexisting or conse-
quent anatomic abnormality and the diver 
remains highly motivated after counseling about 
the theoretical risks, then we will allow diving. 
Once again, a break of at least 1 month is rec-
ommended.
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CLEARANCE FOR WORK
IN HYPERBARIC CHAMBERS

Work in hyperbaric chambers involves com-
pression and decompression. Not surpris-
ingly, many aspects of diving fi tness are 
relevant to hyperbaric chamber occupants, 
but adoption of a diving fi tness standard is 
excessive. Hyperbaric chamber attendants 
are vulnerable to ear barotrauma, sinus baro-
trauma, and PBT, but risks are lower because 
the pressure changes are much slower and 
there is precise control that prevents unex-
pected rapid pressure changes. Attendants 
breathe the chamber atmosphere (air), and 
though they are vulnerable to DCS, there are 
several mitigating factors in comparison 
with diving. They perform little physical 
work, which lessens their inert gas uptake; 
decompressions are slow and highly con-
trolled; and they can safely breathe 100% 
oxygen during the latter stages of decom-
pression to hasten inert gas elimination. 
Nevertheless, hyperbaric chamber decom-
pressions can result in venous bubble forma-
tion in attendants,150 and cases of DCS do 
occur,151 albeit most commonly at the mild 
end of the spectrum of severity.

With regard to heart disease, hyperbaric 
chamber work is more closely related to the 
myocardial stress of ward duties than diving, 
and it follows that expectations of functional 
capacity are correspondingly less rigorous. If 
a nurse with a history of ischemic or other 
heart disease is fi t for usual duties on a ward, 
he or she is likely to be medically suitable for 
hyperbaric chamber work. We believe the 
issue of PFO should be approached in the 
same manner as it is for divers. There is no 
justifi cation for prospective screening of 
hyperbaric attendants, but a TEE could be 
considered after an episode of neurologic, 
inner-ear, or cutaneous DCS.

With regard to respiratory conditions, less 
concern exists about reactive airways disease 
than in diving. It is possible to use a �-agonist 
inhaler in the chamber, and as already men-
tioned, PBT is less likely given the slow decom-
pression rates involved. Nevertheless, it would 

not be appropriate for an individual with 
asthma to work during periods of active 
wheezing, and total exclusion would still 
be warranted for candidates with poorly 
controlled asthma or those who are prone 
to severe attacks. Exclusion would also be 
warranted for candidates with a history of 
spontaneous pneumothorax, complex disease 
of the pulmonary parenchyma such as sarcoid, 
obvious bullous disease of the lungs, or with 
only one lung.

With regard to neurologic problems, some 
theoretical concerns about epilepsy in the 
hyperbaric chamber environment remain. 
Hyperbaric attendants are required to breathe 
100% oxygen during the decompression phase 
of treatments, and these oxygen breathing 
periods may be protracted in the recompres-
sion of divers with DCS. The attendant’s dose 
of oxygen is minimized to reduce the likeli-
hood of an oxygen toxicity seizure, but any 
preexisting reduction in the seizure threshold 
may increase risk. However, no confi rmatory 
data have been reported.

With respect to ear, nose, and throat prob-
lems, there is an absolute requirement for an 
ability to insuffl ate the middle-ear spaces and 
sinuses, which is in common with diving. We 
would also recommend that stapedectomy 
should exclude a candidate from hyperbaric 
work as it does in diving. In contrast, a radical 
mastoidectomy would probably not contraindi-
cate hyperbaric exposure because the subject 
is not immersed.
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Newborn infants and children are treated regu-
larly for acute or chronic conditions in hyper-
baric facilities throughout the world. In this 
chapter, we review the indications for hyper-
baric oxygen therapy (HBOT) for which scientifi c 
evidence has been established and the indica-
tions where empiric treatment is still used. Fur-
thermore, we examine the experience gained 
by different countries and individual hyperbaric 
centers as an example of the heterogeneity in 
the use of HBOT. Most studies were performed 
with adult patients, and most indications for the 

treatment of children were not established on  
the basis of studies with infants and children.

In the last two decades, the list of indica-
tions for HBOT has begun to be analyzed in 
a critical manner, to provide a scientifi c foun-
dation for the usefulness of HBOT in the 
short and long terms.

The objectives of this chapter are: (1) to 
provide neonatal and pediatric medical 
teams, as well as hyperbaric medical and 
paramedical teams, with basic knowledge of 
the indications for HBOT, so that they can 
refer the pediatric patient for treatment; and 
(2) to describe the special needs of the neo-
natal and pediatric patient inside the hyper-
baric chamber.

When hyperbaric treatment of newborns, 
infants, children, or adolescents is indicated, 
close collaboration between the pediatric 
and the hyperbaric medical teams is essen-
tial, to assure adequate care of these pa-
tients with special needs in the hyperbaric 
chamber.

Numerous reports are available in the pedi-
atric, hyperbaric, and general medical literature 
on children treated with HBOT. However, few 
reports provide a broader review of specifi c 
approaches to the pediatric patient in the hy-
perbaric chamber.1–4

All branches of pediatric medicine—that is, 
general pediatrician, pediatric intensive care 
unit (ICU), neonatal ICU, pediatric surgeon, 
and orthopedic surgeon—may be involved in 
cases with one of the conditions that can ben-
efi t from HBOT.

In this chapter, we emphasize the impor-
tance of consultation and collaboration be-
tween the pediatrician and the staff of the 
hyperbaric chamber. This begins in the emer-
gency department, pediatric ICU, or neonatal 
ICU, where the pediatrician should be capable 
of recognizing the conditions that may benefi t 
from hyperbaric oxygenation. It continues 
during the HBOT sessions, with proper man-
agement of pediatric patients, especially the 
critically ill patients, to meet their particular 
requirements.

Indications relevant to pediatric patients, 
based on current clinical practice and reviews, 
are listed in many publications,2–5 but the 
accepted indications for HBOT listed by the 
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Undersea and Hyperbaric Medical Society 
(UHMS; http://www.uhms.org/Indications/
indications.htm) are all relevant to newborn in-
fants and children as well. It needs to be stated 
that there are no specifi c scientifi c or profes-
sional committee recommendations concerning 
the treatment of the neonatal and pediatric 
population. An excellent source for the review 
of published studies that have undergone peer 
review is the Database of Randomised 
Controlled Trials in Hyperbaric Medicine (http://
www.hboevidence.com). In this chapter, we at-
tempt to summarize the results regarding HBOT 
current to the publication of this textbook, to 
defi ne what level of evidence justifi es such 
therapy, and outline the information kindly 
provided by different hyperbaric facilities and 
medical centers regarding their experience in 
the treatment of pediatric cases.

Unfortunately, evidence-based treatment 
using HBOT in the pediatric patient is not 
abundant. In most cases, the actual number 
of patients suffering from some acute life-
threatening indications (i.e., massive air em-
bolism or gas gangrene) is small. For that 
reason, the performance of a randomized 
controlled study may not be possible for 
many centers. In such cases, collaboration 
between centers could be a good alternative. 
In contrast, with relatively frequent indica-
tions as carbon monoxide (CO) intoxication 
or chronic or subacute conditions, the situa-
tion is different and a well-designed clinical 

trial is achievable. For pediatric patients, an 
urgent need exists to establish clinical and 
scientifi c bases that will allow the rational 
use and administration of HBOT.

DEVICES USED 
FOR THE TREATMENT 
OF THE PEDIATRIC PATIENT

Oxygen Delivery and Mechanical 
Ventilation for Infants and Children

Administration of oxygen inside the chambers 
has been and still is performed in many differ-
ent ways. One of the main concerns while 
providing oxygen under pressurized atmo-
sphere is the “contamination” of the multiplace 
chamber with increasing oxygen concentra-
tions and the resulting hazards. Many devices 
have been adapted to provide treatment to 
noncooperative infants and children to prevent 
this contamination.

• Oxyhood: This is commonly used for adult 
patients, as well as children, who are 
uncooperative or have facial deformities, 
but its use forces the hyperbaric team to 
do repeated “washouts” of the chamber to 
reduce oxygen contamination (Fig. 6.1). The 
number of washouts can be reduced when 
using a neck ring device that seals better, 

A B

Figure 6.1 A, A case of a 6-month-old infant after an iatrogenic intra-arterial fl uid infusion. A progressive 
improvement occurred after twice-daily hyperbaric oxygen treatments and concluded with the amputation of the 
distal phalanxes. B, Treatment was performed using a Perspex-made oxyhood. Frequent air fl ushes are required 
to prevent high oxygen concentrations within the chamber using this method. (See Color Plate 1.) 
(Courtesy Israeli Naval Medical Institute and Dr. Yehuda Melamed.)
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or a device for small infants as designed 
by Aguiluz and Hill,6 a mini-oxygen tent.

• Masks: The oxygen delivery system is 
adapted to patient capacity and cooperation. 
BIBS (Built-in Breathing System) demand 
masks and free-fl ow masks are available for 
nonassisted and cooperative children.

• Mechanical ventilators: For the mechani-
cally assisted patient, many types of ventila-
tors are in use in multiplace hyperbaric 
facilities. In his article, Kot7 describes in detail 
the properties required if a ventilator is to be 
able to provide adequate fl ow during atmo-
spheric pressure changes in the chamber, 
and lists the pressure-driven devices used in 
hyperbaric chambers. Out of his list of 
24 types of ventilators that have been tested 
under hyperbaric conditions, some are capa-
ble of providing small volumes to ventilated 
infants with a weight of less than 5 kg 
(e.g., Servo 900 C [Siemens-Elema AB, Solna, 
Sweden], Evita 4 [Dräger Medical AG & Co., 
Lübeck, Germany]). At the Israel Navy Medi-
cal Institute and in the Asaf-Harofeh Medical 
Center, the Penlon-Oxford pneumatically 
driven ventilator (Penlon Ltd., Abingdon, 
Oxfordshire, United Kingdom), which was 
designed for adults, is in use with an adaptor 
for pediatric patients. Changes in ventilator 
settings are performed during HBOT accord-
ing to volume measurement alterations dur-
ing pressure changes, oxygen saturation, and 
blood gas monitoring of the patient. Blood 
gas monitoring is usually performed in 
nearby laboratory facilities when the samples 
are transferred through the chamber’s 
medical air locks.

Airway Management

In any chamber where infants are treated, 
there must be an appropriate set of equip-
ment for airway management. This includes all 
sizes of laryngoscope blades, from 0 upward, 
endotracheal tubes starting from 2.5, and a 
suction system including a manual device as a 
backup; appropriate sizes of suction catheters; 
airways; and, if possible, laryngeal masks. This 
equipment must be controlled regularly using 
a checklist procedure.

Monitoring Devices

Multiplace chambers usually can be equipped 
with all the medical devices required for 
the treatment of the critically ill patient. 
Monitoring devices can be inside the cham-
ber if they run on batteries (for fi re safety) 
and have been approved for work under pres-
sure. They can be connected to the patient 
inside the chamber or, if possible, via spe-
cially prepared connections through the 
chamber wall, to place the monitor outside 
the chamber. Kot8 listed numerous devices 
and equipment manufacturers. These devices 
include cardiac monitors, invasive and nonin-
vasive blood pressure monitoring, and pulse 
oximetry, some including transcutaneous 
PO2/PCO2 monitoring and end-tidal CO2 moni-
toring. Battery-operated fl uid/drug infusion 
pumps must be available as well.

Drug and Fluid Administration

To provide appropriate care to an infant or 
child who requires the administration of fl u-
ids and drugs (cardiorespiratory or analgesia/
anesthesia), an intensivist familiar with the 
age-specifi c requirements of the patient must 
be involved in the treatment. A list of drugs 
and fl uids according to the treatment policies 
of the supporting neonatal and pediatric ICUs 
must be prepared in advance to provide real-
time practical support to the team inside the 
chamber. This must be translated into a regu-
lar maintenance checklist for drugs and fl uids 
kept inside the multiplace chamber, as well as 
a table with the dosages and formulation for 
quick-drip preparation (e.g., dopamine, dobu-
tamine hydrochloride, morphine, midazolam 
hydrochloride) and preferred fl uid manage-
ment policies.

Thermoregulation

Temperature control inside the chamber must 
be tight to prevent hypothermia or hyperther-
mia in the smallest and youngest critically ill 
patients. Both can be detrimental. Specially 
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designed air-conditioning systems are part of 
the newer multiplace chambers. Items of 
clothing that can produce static electricity, as 
well as any electrical heating devices, are 
prohibited in the chamber for reasons of 
fi re safety.

Hyperbaric Chambers Used 
for Newborn Infants and Children

Small monoplace chambers were and are 
used for the treatment of many conditions in 
newborns and small infants. In some hyper-
baric centers, an adult enters the monoplace 
chamber together with a ventilated infant to 
sustain ventilation using a self-infl ating venti-
lation bag (Fig. 6.2). Monoplace chambers 
such as the type manufactured by Sechrist 
offer the possibility of mechanical ventilation 
with the patient inside while the caregivers 
are outside.

The hyperbaric specialist should consider 
that the use of monoplace chambers may en-
danger the patient when the need for airway 
management is crucial. For a ventilated young 
patient, caregivers must have the possibility 
of suctioning the airway when necessary or 
replacing the endotracheal tube if dislodged 
(a common scenario in neonatal and pediatric 
intensive care). A patient who is not venti-
lated, and is sick, is at risk for development of 
apnea or aspiration of secretions after vomit-
ing or regurgitation during treatment. When 
isolated in a chamber, the patients are at 
extreme risk if these aspects are uncontrolled 
during treatment, and a sudden decrease in 
pressure in the chamber for any reason can 
jeopardize patient health. When treating sick 
newborn infants and young children, it must 
be clear that apnea and vomiting are frequent, 
and precautions must be taken in advance to 
protect the airway.

In 1966, in a study by Hutchinson and col-
leagues,9 published in The Lancet, the use of 
a small hyperbaric chamber for the resuscita-
tion of newborns who failed to breathe 
effectively 3 minutes after birth was com-
pared with intubation and ventilation with a 
manual device. The study included 111 new-
borns in the control group (the intubated 

ones) and 107 in the group who received 
hyperbaric oxygen for 30 minutes at 4 atmo-
spheres absolute (ATA). The study included 
term and preterm infants, and the reported 
results showed no signifi cant differences be-
tween the groups. Later, on the basis of that 
article, some authors discussed the effects of 
transcutaneous oxygenation achieved by 
HBOT in hypoxic infants. Not surprisingly, in 
a letter to the editor published in The Lancet 
many years later, Phillip James10 recalls that 
the system became known as “the death 
chamber” in Glasgow, because staff witnessed 
the demise of several infants locked inside 
without a clear airway. In his letter, James 
mentions the need for the provision of artifi -
cial ventilation to prevent asphyxia in an 
infant who fails to breathe.

Figure 6.2 Treatment of a tracheostomized spontaneously 
breathing child with a parent in a monoplace chamber. A tender 
inside the chamber is necessary during treatment to prevent air-
way management complications. (Courtesy Dr. Nachum Gall, 
Institute of Hyperbaric Medicine and Wound Care Center, 
Assaf Harofeh Medical Center, Zerifi n, Israel.)

              



100 Section II Technical Aspects

Temperature control is possible only in mul-
tiplace chambers, where air-conditioning sys-
tems are available. When hypothermia or hyper-
thermia is present, the morbidity and side 
effects of hyperbaric oxygen treatment for the 
smaller and younger patients may increase.

Multiplace chambers currently are the 
ideal way of giving appropriate HBOT to an 
infant or child. Almost all indications for 
HBOT in a neonate require airway control 
and management of the cardiorespiratory sta-
tus. In older children, great concern no doubt 
exists about the possible lack of understand-
ing of simple instructions, when alone in a 
monoplace chamber for an acute indication. 
In multiplace chambers, neonates and chil-
dren can be treated for any eventuality and 
should be accompanied by two caregivers, 
one of which can be a relative, should the 
situation require it (Fig. 6.3).

ACCEPTED AND LISTED 
INDICATIONS FOR HYPERBARIC 
OXYGEN THERAPY

Indications relevant to pediatric patients, based 
on current clinical practice, are listed in many 
publications,2–5 but the most accepted indica-
tions for HBOT are listed by the UHMS, and 

these are also relevant to newborn infants and 
children (Table 6.1).

Acute Carbon Monoxide Poisoning

CO is produced by the incomplete combustion 
of materials that contain carbon. CO poisoning 
is not uncommon among children and should 
be considered the possibility of concomitant 
exposure to cyanide in a CO poisoning.11–18 
The pathophysiology of CO poisoning is dis-
cussed in Chapter 15.

Clinical Signs and Symptoms of Acute 
Carbon Monoxide Intoxication

Clinical signs and symptoms of acute CO 
intoxication include headache, nausea and 
vomiting, dyspnea, vision abnormalities, mus-
cular weakness, syncope, convulsions, coma, 
and death. Children may present with general 
symptoms such as nausea, vomiting, and diar-
rhea, and be mistakenly diagnosed as suffering 
from gastrointestinal disease.13 Small infants 
can present with poor feeding, irritability, and 
vomiting. Many fi re victims suffering from 
smoke inhalation and traumatic injuries may 
arrive in a coma and need mechanical ventila-
tion. The history of exposure and the mea-
surement of carboxyhemoglobin levels can 

Figure 6.3 Treatment of pediatric patients 
in a multiplace chamber, accompanied by 
the parents using masks for the older 
children and oxyhoods for the younger 
children. (Courtesy Dr. Nachum Gall, 
Institute of Hyperbaric Medicine and 
Wound Care Center, Assaf Harofeh 
Medical Center, Zerifi n, Israel.)
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help confi rm the diagnosis. When there is un-
clear symptomatology in an individual patient 
without a clear history of exposure to a CO 
source, diagnosis may be diffi cult, but if the 
same situation is present in an entire family, 
diagnosis is much easier.

In a series of 28 pediatric CO exposures, 
Crocker and Walker19 found a greater rate of 
lethargy and syncope at lower carboxyhemo-
globin levels than expected, and they suggested 
that a carboxyhemoglobin level of 15% may 
be the threshold for neurologic changes in 
children. This assumption is not fully accepted 
because a combination of duration of exposure, 
type of source of CO, and delay between expo-
sure and measurement of the carboxyhemoglo-
bin levels20 may be confounders.

The concentration of fetal hemoglobin in 
fetuses, newborns, or older children with he-
moglobinopathies may increase susceptibility 
to CO intoxication because of a higher affi nity 
and longer half-life.

Syndrome of Delayed Neurologic 
Sequelae

The syndrome of delayed neurologic sequelae 
(DNS), which can appear from 3 days to 
3 weeks after recovery of an acute intoxication, 
is well known in children.14,21 It is diffi cult to 
determine the incidence of DNS in the pediat-
ric population. Kim and Coe22 report that the 
incidence rate of DNS was 10.9% in their series 
of 107 Korean children with CO poisoning. In 

their study, DNS was more likely to occur in 
children presenting with coma than in those 
not in a coma. Other investigators report much 
lower incidence rates in children.23 These varia-
tions probably refl ect the small numbers of 
patients studied, the severity of poisoning, age 
at time of exposure, and baseline intellectual 
level, as well as the different causes of CO poi-
soning (e.g., fi re victims have concurrent trau-
matic injuries, such as burns, which may result 
in hypotension and signifi cant anoxia, and even 
go through a full resuscitation for cardiorespira-
tory arrest). This variability probably contrib-
uted to Meert and colleagues’23 conclusions in 
their retrospective chart review article, in which 
they state, “Delayed neurologic syndromes are 
uncommon in children treated with normo-
baric oxygen”; however, the incidence rate of 
DNS in their study is 3%, excluding those who 
died or remained with permanent neurologic 
sequelae from the beginning. For a further dis-
cussion on the indications for treatment and 
DNS, see Chapter 15.

Treatment of Carbon Monoxide Intoxication 
in Pregnant Women and Fetal Outcome

Treatment of CO intoxication is indicated in 
the case of the pregnant patient to prevent 
neurologic damage to, or death of, both the 
mother and the fetus. Teratogenesis, neuro-
logic damage, and increased risk for fetal 
death have been reported as a result of CO 
intoxication in animal experiments and from 

Table 6.1 Accepted Indications for Hyperbaric Oxygen Therapy Relevant to Newborn Infants 
and Children According to the Undersea and Hyperbaric Medical Society/
European Underwater and Baromedical Society

Acute carbon monoxide poisoning
Cyanide poisoning
Arterial (cerebral) gas embolism
Compartment syndrome; acute traumatic peripheral ischemia
Clostridial myonecrosis (gas gangrene) and necrotizing soft-tissue infections
Compromised skin fl aps and grafts
Chronic or refractory osteomyelitis
Osteoradionecrosis; radiation-induced soft-tissue injury
Intracranial abscess
Chronic, nonhealing wounds
Decompression sickness
Exceptional blood loss (anemia)

              



102 Section II Technical Aspects

clinical data.24–26 As mentioned earlier, fetal 
hemoglobin displays much higher affi nity 
for binding CO molecules, thus worsening 
hypoxia at the cellular level, making the fetus 
much more susceptible.

Current recommendations are that HBOT 
should be administered if the mother has neu-
rologic signs, if her carboxyhemoglobin level 
is greater than 15%, or if there are signs of 
fetal distress on the monitor.27,28 The results of 
animal experiments involving prolonged ex-
posures suggest that there is a possibility of 
teratogenicity induced by hyperbaric oxygen, 
but there has been no evidence of this in 
humans who received HBOT.29 Concerning 
teratogenesis, retinopathy of prematurity 
(ROP), alterations in placental blood fl ow, and 
premature closure of the ductus arteriosus, 
these conditions have not been reported in 
pregnant women receiving HBOT for CO 
intoxication.30 Currently, no clinical evidence 
exists of adverse effects on the fetus after 
HBOT in pregnant woman.

Clostridial Myonecrosis 
(Gas Gangrene) and Necrotizing 
Soft-Tissue Infections

Gas gangrene is a severe, rapidly progressing 
infection caused by specifi c clostridium strains, 
of which clostridium perfringens is the most 
common. Their systemic effects are produced 
by exotoxins, particularly alpha toxin (a leci-
thinase), which are able to destroy membranes 
and alter capillary permeability. Gas gangrene 
is most commonly seen in combat injuries,31 
as a result of soil contamination and entry 
of foreign bodies.32 Hypoxic tissues caused 
by vascular compromise and vast soft-tissue 
damage provide the anaerobic environment 
required for the bacteria to proliferate.

A considerable number of cases can be 
found among the civilian adult and pediatric 
population, where clostridial myonecrosis 
may be associated with trauma, surgical 
procedures, venipunctures, insect bites, diag-
nostic gynecologic and urologic examinations, 
parenteral drug abuse, or de novo occurrence 
in the immunocompromised patient.33–35 

Atraumatic infection with clostridium septi-
cum has been reported in children suffering 
from different forms of neutropenia36–38 (see 
Chapter 18).

Necrotizing Fasciitis

Necrotizing fasciitis, a rapidly progressive 
infection of the soft tissues, with typical spar-
ing of the underlying muscle, may be pro-
duced by a combination of aerobic and 
anaerobic fl ora. Mortality is high, and progres-
sion of the disease is usually similar to that of 
clostridial myonecrosis, although less rapid. 
This type of infection is more common in 
immunocompromised adults and patients 
with diabetes, but it has also been described 
in neonates in association with omphalitis, 
necrotizing enterocolitis, varicella, staphylo-
coccal skin infections, and balanitis after 
circumcision. The use of HBOT has been 
reported for newborns who experienced 
development of necrotizing fasciitis of the 
abdominal wall.39 However, HBOT for necro-
tizing fasciitis remains controversial, most 
reports being retrospective analyses of adult 
patients.40,41

Purpura Fulminans

Purpura fulminans, a life-threatening, mutilat-
ing entity, was fi rst described by Hjort.42 It 
appears in the form of progressive purpuric 
lesions of the skin, mainly on the lower 
limbs, which eventually become necrotic. 
Purpura fulminans has been described in as-
sociation with previous infection by varicella 
or streptococcus; sepsis or septic shock 
associated with Escherichia coli, Haemophi-
lus, or meningococcus; and protein C or 
protein S defi ciency. The development of 
disseminated intravascular coagulation with 
small-vessel thrombosis, and endothelial dam-
age with massive capillary leak and bleeding 
into tissues and skin, may precede the pa-
tient’s death or lead to peripheral ischemia 
and limb loss if the patient survives. There 
have been reports of a mortality rate as high 
as 90%.43–47 Treatment of this overwhelm-
ing entity consists of the administration of 
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steroids, anticoagulants, protein C concen-
trate, blood derivates, and antibiotics. Several 
authors report success in reducing mortality 
and the level of amputation of the limb by 
HBOT adjunctive to the intensive care treat-
ment.48–52 HBOT should be instituted as soon 
as possible, to reduce the extent of necrosis. 
The rationale for the use of HBOT is similar 
to that described for the treatment of acute 
peripheral ischemia (see Chapter 9) with tis-
sue preservation until the main vascular axis 
is restored (Fig. 6.4).

Gas Embolism: Cerebral Arterial 
Gas Embolism

The introduction of air into the arterial system 
can result in cerebral air embolism, to which 
we refer because it can lead to severe neuro-
logic damage and death. Signs and symptoms 
depend on the organ to which blood supply 
is arrested. Clinical presentation of iatrogenic 
cerebral arterial gas embolism (CAGE) may 
include coma, seizures, encephalopathic fea-
tures, respiratory arrest, and sensory and motor 
defi cits; but in many cases, especially during 
surgery, it occurs under general anesthesia, 
thus lacking clinical signs, and can be diag-
nosed only by the personnel who see the air 
entering the circulation through the tubing 
systems (intravenous lines or catheters from 
cardiac pumps, extracorporeal membrane oxy-
genator, etc.). These episodes lead to late 

neurologic sequelae. Sometimes diagnosis is 
made in a retrospective manner after signs of 
neurologic defi cits after general anesthesia has 
been stopped.

Most cases of CAGE reported in the litera-
ture are iatrogenic, where embolism is the 
result of an invasive medical procedure or 
surgery. These include umbilical venous cath-
eterization in newborns, the introduction of 
central venous lines, neurosurgical procedures, 
open-heart surgery, and pulmonary barotrauma 
as a complication of ventilator therapy.53–55 
CAGE may also be seen after diving as a result 
of pulmonary barotrauma or secondary to 
acute decompression. Although explosive de-
compression will probably be a nonexistent 
event in a pediatric patient, pulmonary baro-
trauma is potentially possible after the increase 
in the number of children (8- to 12-year-olds) 
SCUBA diving in shallow water.

Pulmonary barotrauma is often accompa-
nied by vascular rupture. Air under high pres-
sure can thus enter the systemic arterial vascu-
lature, resulting in CAGE, as well as through 
the venous side. A large number of venous 
bubbles are introduced into the systemic cir-
culation, either because of a preexisting right-
to-left shunt (such as via a patent foramen 
ovale) or by overwhelming the pulmonary fi l-
tration mechanism.56–60 This paradoxic arterial 
embolism in infants, children, or adults with 
cyanotic heart disease may even occur through 
peripheral IV lines, by which the air enters 
the systemic circulation.61,62 This mechanism 

A B

Figure 6.4 A and B, Progression of necrotic lesions of the face and lower extremities after purpura fulminans 
that signifi cantly improved after hyperbaric oxygen treatment. (See Color Plate 2.) (Courtesy Israeli Naval 
Medical Institute and Dr. Yehuda Melamed.)
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makes small infants with cyanotic congenital 
heart disease particularly susceptible to CAGE. 
For further discussion of the pathophysiology,
diagnosis, and treatment of arterial gas embo-
lism, see Chapter 13.

Unstable infants with congenital cyanotic 
heart disease are usually cared for in tertiary 
care centers where HBOT is readily available. 
If air transportation is necessary, the plane 
should be pressurized to 1 ATA, or if a heli-
copter is used, it should fl y below 300 m to 
avoid bubble expansion and clinical deterio-
ration. The hyperbaric physician should be 
involved in transportation arrangements. The 
fear of complications related to transporta-
tion should not prevent treatment. Perma-
nent neurologic sequelae secondary to arte-
rial gas embolism already exist, whereas 
transport-related complications are relatively 
low and are only a potential threat.63

Treatment for such complex cases is best 
performed in multiplace chambers, suitable for 
treatment with high-pressure capabilities and 
enough room for a team to provide ongoing in-
tensive care. Monoplace chambers (which have 
limited pressure capabilities) have been used for 
arterial gas embolism; but in the case of infants 
or ventilated patients, its use can jeopardize the 
patient’s safety when close airway supervision is 
necessary. A study was published confi rming 
that its use in adult patients is safe and success-
ful64; however, this approach should be avoided 
in newborn infants and young children.

Considering that CAGE is a complication 
that can occur during the treatment of small 
premature newborns, several aspects regard-
ing their treatment should be taken into 
account when deciding about the possibility 
of HBOT: temperature control and active heat-
ing in the chamber may be diffi cult to achieve, 
ROP is a frequent complication in the very-
low-birth-weight premature infant, and the 
effects of HBOT on the development of this 
pathology are not fully known. Thus, the initia-
tion of HBOT for a very-low-birth-weight 
infant with extensive air embolism is still a 
diffi cult decision because of the complica-
tions and undesirable side effects of the treat-
ment, as well as the possible liability of the 
teams involved because of the expected com-

plications of severe prematurity, such as ROP 
and neurologic sequelae.

Refractory Osteomyelitis

Chronic osteomyelitis, which has persisted 
or recurred after appropriate interventions, 
or acute osteomyelitis, which fails to respond 
to intensive medical and surgical treatment 
within a reasonable period, may benefi t from 
adjunctive HBOT. The therapeutic action 
of HBOT is associated with the improvement 
of oxygenation in infected ischemic and 
hypoxic tissue, thereby enhancing the white 
blood cell killing index and osteoclast activ-
ity, as well as potentiating the antibiotic 
action of the aminoglycosides. Reviews in 
the literature report that good results have 
been achieved with HBOT in the treatment 
of chronic refractory osteomyelitis in combi-
nation with appropriate surgical procedures 
and antibiotics.65,66

In many cases described in the medical 
literature, chronic protracted osteomyelitis de-
veloped in children suffering from debili tating 
diseases and not after multitrauma or acute 
hematogenous osteomyelitis. Some cases in-
volved children with familial dysautonomia.51 
Usually, these patients need numerous treat-
ments (up to 100 sessions) with the concomi-
tant antibiotic and surgical care. Treatment 
needs to be continued until the wound is 
clean or, in some cases, until the tissue is ready 
for a skin transplant.

Decompression Sickness

No data in the medical literature concern 
the susceptibility of children to decompres-
sion and bubble formation. Most decompres-
sion tables are based on empirical data from 
animal research or adult divers, but none of 
the data relates to children. We also know 
that bubble formation can occur in shallow-
water dives, attenuated during exercise. With 
the increasing accessibility to diving and 
future developments in aviation and space 
fl ight, there is a distinct possibility that 
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pediatricians will be increasingly faced with 
this kind of problem. A few cases were re-
ported in the literature concerning HBOT 
for suspected decompression sickness in 
children after a dive and traveling to higher 
locations.

Exceptional Blood Loss (Anemia)

Exceptional blood loss, anemia, occurs when 
suffi cient blood is lost to compromise respira-
tory requirements. The most important conse-
quence of severe anemia is cellular hypoxia as 
a result of the inadequate delivery of oxygen 
to tissues. Normally, blood or blood substi-
tutes are infused to correct the defi ciency. 
However, occasionally, a blood transfusion 
cannot be provided, for example, where there 
are religious reasons (Jehovah’s Witnesses) or 
in the rare cases where it is diffi cult to obtain 
compatible blood for transfusion.

Under these conditions, HBOT is an effec-
tive, alternative treatment that can be pro-
vided until a more defi nitive solution is avail-
able. The rationale for the use of HBOT is 
based on the pioneer work of Boerema in the 
early 1960s. Boerema showed that treatment 
with HBOT up to 3 ATA sustained life in 
exsanguinated piglets, the blood was replaced 
by an acellular saline solution. The amount of 
oxygen dissolved in the intravascular solution, 
6 volume percentage, was enough to sustain 
life.67 Other animal studies using HBOT for 
severe anemia and hemorrhagic shock also 
showed benefi cial results.68,69

Most of the clinical reports regarding the 
use of HBOT in severe anemia deal with 
Jehovah’s Witnesses who seek alternatives 
to red blood cell transfusion. Hart70 pub-
lished several case reports and provided 
criteria for the selection of patients, as well 
as indications for HBOT in patients with ane-
mia (systolic pressure lower than 90 mm Hg, 
alteration of mental status, signs of ischemic 
bowel, and signs of coronary syndrome). 
Treatment of severe anemia with HBOT 
should be performed early to address the 
accumulating oxygen debt. The use of air 
brakes is mandatory to prevent oxygen 

toxicity.70,71 However, there are no reported 
cases of hyperbaric treatment in pediatric 
patients for this indication.

Intracranial Abscess

Brain and intracranial abscesses (epidural and 
subdural empyemas) in children are a rare but 
devastating condition. Outcomes have greatly 
improved with the development of the com-
bination of new antibiotics and guided neuro-
surgical techniques; actual reported mortality 
rates of not more than 10%72,73 have been 
reported for treatments that combine surgical 
intervention, correction of the primary source 
of infection, and long-term use of antibiotics.

The origin of a brain abscess can be hema-
togenous spread (bacteremia mainly in cya-
notic heart disease or an immunocompro-
mised host) or contiguous to a focus of 
infection (such as sinusitis).74 The most fre-
quent pathogens isolated from brain abscesses 
are streptococci, but 25% of the specimens do 
not grow pathogens.

Treatment including HBOT should be 
considered when there are multiple abscesses, 
abscesses in deep inaccessible locations, 
an immunocompromised host, contraindica-
tions for surgery, or when no good clinical 
response is achieved by initial treatment that 
included surgery or needle aspiration and 
wide-spectrum antibiotic treatment.75

Kurschel and colleagues74 report the treat-
ment of fi ve children presenting with brain 
abscesses, four of them after sinusitis and one in 
an immunocompromised child with leukemia. 
All underwent combined and multidisciplinary 
treatment with favorable outcomes. HBOT was 
provided in twice-daily sessions at 2.2 ATA in 
60-minute sessions. Patients completed a mean 
of 30 sessions before clinical and radiologic fi nd-
ings resolved. Patients were observed for a mean 
time of 21 months (range, 7–72 months). No re-
currence was observed during that period. The 
authors concluded that HBOT in children with 
brain abscesses appears to be safe and effective, 
even when the abscesses are associated with 
subdural or epidural empyemas. It provides a 
helpful adjuvant tool in the usual multimodal 
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treatment of cerebral infections. Multidisci-
plinary management is recommended to opti-
mize care of these critically ill children.

Radiation and Cancer-Related 
Complications

The use and effectiveness of hyperbaric oxy-
gen for radiation-induced bone and soft-tissue 
complications has been documented for adult 
patients.76–78 Few studies aimed to analyze the 
results of adjuvant therapy with HBOT for pedi-
atric patients. In a retrospective study, Asha-
malla and coworkers79 describe the outcome of 
10 patients who received radiotherapy as chil-
dren for head, neck, and pelvic cancer, subse-
quently receiving HBOT for later complications 
as adults. HBOT was shown to improve out-
come when used as a prophylactic measure 
before maxillofacial or dental procedures that 
followed radiation therapy, as well as for 
diffi cult-to-heal wounds and bone necrosis after 
radiation therapy for bone and soft-tissue 
cancer (Ewing sarcoma, rhabdomyosarcoma). 
Most treatments were successful, and HBOT 
was shown to be safe, resulting in only a few 
signifi cant adverse effects.

A trial for the reduction of bone marrow 
edema and aseptic osteonecrosis in pediatric 
patients with acute lymphoblastic leukemia 
and non–Hodgkin lymphoma was performed.80 
A reduction in pain scores and aseptic osteone-
crosis lesions was shown, but no statistical sig-
nifi cance was reached in the study.

NONLISTED/NONAPPROVED/
CONTROVERSIAL INDICATIONS 
FOR HYPERBARIC OXYGEN THERAPY

Hypoxic Ischemic Encephalopathy

The use of HBOT has been suggested as a neu-
roprotector after acute ischemic injury to the 
central nervous system, as, for example, after 
perinatal hypoxic-ischemic encephalopathy. 
Benefi cial effects were shown in an animal 
model with rat pups subjected to ischemia, 
where the ischemic event was produced by 

unilateral carotid artery ligation and inhalation 
of 8% oxygen mixture.81

Empirical clinical experience was gained 
by many Chinese authors who provided HBOT 
to asphyxiated newborns within the fi rst 
hours of the hypoxic-ischemic event. Liu and 
colleagues82 evaluated several such publica-
tions using a systematic review of the Chinese 
literature, and their conclusion was that the 
use of hyperbaric oxygen in term neonates 
with hypoxic-ischemic encephalopathy re-
duces mortality and neurologic sequelae. 
However, most of the studies examined were 
of low scientifi c quality compared with west-
ern standards, which may introduce an ele-
ment of bias as to the conclusions.

In an animal model of ischemic-hypoxic en-
cephalopathy, Calvert and coworkers83 showed 
that HBOT offered neuroprotection by reduc-
ing apoptosis in the injured brain tissue. The 
studies were performed in rat pups, subjected 
to unilateral carotid artery ligation followed by 
2 hours of hypoxia (breathing 8% oxygen). 
Apoptotic cell death was examined using the 
TUNEL (terminal deoxynucleotide transferase-
mediated deoxyuridine triphosphate nick-end 
labeling) staining technique in the tissue of the 
injured cortex and in the hippocampus tissue. 
Caspase-3 level (cysteine protease proenzymes 
subunit) was measured as an example of apop-
totic activator. Its expression and activity were 
found to be increased 18 and 24 hours after 
the hypoxic-ischemic insult. A single HBOT 
session (100% oxygen, 3 ATA for 1 hour) was 
then provided. The results showed a reduction 
in the enhanced caspase-3 expression and ac-
tivity, and a reduced number of TUNEL-positive 
cells were observed in the cortex and hippo-
campus. These results suggest that the neuro-
protective effect of HBOT is at least partially 
mediated by the reduction in apoptosis. How-
ever, the treatment of newborns with oxygen is 
highly controversial, and there is increasing 
evidence from experimental work that resusci-
tation with 100% normobaric oxygen may be 
associated with an aggravation of cellular 
injury when compared with resuscitation in 
air. Some studies showed apparent increased 
brain injury, demonstrated by the leakage of 
glycerol in conjunction with a reduced anti-
oxidant capacity in cerebral tissue, in animals 
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resuscitated with 100% oxygen compared with 
those resuscitated in room air.84–86

Hepatic Artery Thrombosis after Liver 
Transplantation in Children

A case report has been published regarding an 
infant who underwent an orthotopic liver 
transplant (OLT) and experienced develop-
ment of hepatic artery thrombosis.87 Alteplase 
(TPA) failed to open the artery, so the child 
received systemic heparin and HBOT. After six 
HBOT sessions, the hepatic artery recanalized 
and the liver function tests returned to normal 
or near normal. There were no complications 
to the HBOT, and 1 year after the transplant, 
the child’s liver still functioned normally.

A more extensive study reviewed 375 con-
secutive pediatric patients who underwent 
416 OLTs.88 Thirty-one patients (7.5%) acquired 
hepatic artery thrombosis at a mean time of 
8.2 days (range, 1–52 days) after OLT. In 
17 patients, HBOT was started within 24 hours 
of hepatic artery thrombosis or immediately 
after the revascularization attempt and per-
formed twice daily for 90 minutes at 2.4 ATA. 
Fourteen patients were treated without using 
HBOT. None of the HBOT-treated patients 
experienced development of hepatic gangrene. 
Eight HBOT patients (47%) were bridged to 
retransplantation at a mean time of 157 days 
(range, 3–952 days) after initial OLT, and all 
survived. Mean time to retransplant in the con-
trol group was 12.7 days (range, 1–64 days). 
HBOT was well tolerated without signifi cant 
complications. Although there was no signifi -
cant difference in survival or retransplantation 
rates, HBOT signifi cantly delayed the need for 
retransplantation.

Cerebral Palsy

Cerebral palsy (CP) is a term that describes a 
group of motor syndromes resulting from sev-
eral insults sustained by the brain in early brain 
development. CP is caused by a broad group of 
developmental, genetic, metabolic, ischemic, 
infectious, and other acquired causative factors 
that produce a common group of neurologic 

phenotypes. Although it has historically been 
considered as a static encephalopathy, this 
term is now inaccurate because of the recogni-
tion that the neurologic features of CP often 
change over time. In addition, although CP is 
often associated with epilepsy and abnormali-
ties of speech, vision, and intellect, it is the 
selective vulnerability of the brain’s motor 
system that defi nes the disorder.89–91

CP is a common problem, the worldwide 
incidence being 2 to 2.5 per 1000 live births. 
The motor dysfunctions, which are the key-
stone of this clinical condition, can change 
with time. The changes are the result of neu-
rologic maturation and are also attributed to 
continuous physical and behavioral therapy, 
as well as to corrective surgery.90–92

All available treatment, even if it is intensive, 
has only a moderate effect on the natural 
course of CP. Therefore, the introduction 
of HBOT with the theoretical benefi t of 
im proving the patient’s condition beyond that 
expected of other treatment was tempting for 
many hyperbaric centers, as well as for many 
parents seeking alternative treatment to over-
come this irreversible condition. Many se-
verely affected children are already receiving 
numerous courses of HBOT in various centers 
worldwide, and even at home with privately 
purchased small chambers.

What place does HBOT take in the treat-
ment of this condition? Montgomery and 
coworkers93 conducted a pilot study using 
HBOT for infants with CP with encouraging 
results. The authors report some improve-
ment in gross motor function, fi ne motor 
function, spasticity, and parental perception 
by questionnaire. The information regarding 
the claimed effects of hyperbaric oxygen and 
the possible benefi t for handicapped children 
even encouraged a group of parents to estab-
lish an association that promotes HBOT for 
several neurologic conditions.94

In 1999, Collet and colleagues95, 96 performed 
the fi rst multicenter study for CP comparing 
the use of HBOT with pressurized air. 
The treated group was given 100% oxygen at 
1.75 ATA for 60 minutes, in 20 treatment 
sessions. The group that received air under 
pressure (1.3 ATA) received the same number 
of sessions. By the end of the study, both groups 
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showed improvement in motor and cognitive 
functions, and the conclusion of the study was 
that there is no benefi t from HBOT in CP. 
A heated debate between the supporters and 
the opponents of HBOT then started, as the 
supporters claimed that exposure to com-
pressed air at 1.3 ATA increases the plasma 
oxygen tension from 95 to 148 mm Hg. There-
fore, the control group underwent a certain 
degree of hyperoxic treatment, which infl u-
enced the results of the study, and for this 
reason cannot be regarded as a real control 
group. Currently, there are no conclusive stud-
ies that support HBOT for children with CP, and 
some studies even claim that HBOT may be 
detrimental for them.84,97 Some research is 
ongoing that in due time will contribute to our 
knowledge on this subject.

When considering HBOT for patients with 
CP, it is necessary to remember that a signifi -
cant proportion of the infants and children 
with this condition have CP related to prema-
turity or asphyxia. This group of patients is 
likely to have concomitant hyperactive airways 
as a result of bronchopulmonary dysplasia and 
from gastroesophageal refl ux. These conditions 
can increase both the risk for pulmonary baro-
traumas, because of air trapped during decom-
pression, and the risk for aspiration after vomit-
ing. Fitness to “dive” and a caregiver inside the 
chamber must be preconditions of HBOT for 
such complex patients.

Hyperbaric Oxygen Therapy in Autism

Autism is a neurodevelopmental disorder 
characterized by impairment of social interac-
tion, diffi culty with communication, and re-
strictive and repetitive behaviors.98 It affects 
children from all socioeconomic and ethnic 
backgrounds.99,100 The cause of the disease is 
unknown, although a strong genetic compo-
nent is suspected. Inheritance is complex, 
with more than one gene being involved.101 
Several risk factors have been shown to be 
implicated in this disease—maternal obstetric 
complications,102 viral infection during preg-
nancy or in the postnatal period,103 and 
immunologic abnormalities104—but a specifi c 

causative factor has not been found. MMR 
vaccine has been thought to be associated 
with autistic disorders, but this has been 
disproved.105

It has been claimed that patients with 
autism have anomalies in regional blood fl ow 
of parts of the brain. Even in the presence of 
normal magnetic resonance imaging, a single-
photon emission computed tomography scan 
will show areas of decreased blood fl ow, most 
notably in the temporal lobes.106 This area of-
ten correlates with the clinical manifestations 
of the disease. A relation between decreased 
intelligence quotient and hypoperfusion of the 
temporal and frontal lobes has been described 
in patients with autism.107 Based on these fi nd-
ings, HBOT has been proposed for the treat-
ment of this spectrum of diseases108; in a report 
on a retrospective analysis of six children with 
autism who underwent HBOT, improvement in 
the range of 12% to 22% in some behavioral 
markers was observed.108 A description of 
some anecdotal cases can be found on the 
Internet, but because no clinical trials are avail-
able, recommendations as to the usefulness of 
this treatment still cannot be made.

SIDE EFFECTS AND COMPLICATIONS 
REPORTED WITH REGARD 
TO HYPERBARIC OXYGEN THERAPY 
IN THE PEDIATRIC PATIENT

The side effects of hyperbaric oxygenation are 
related to pressure/volume changes and to 
oxygen toxicity. The most common side effects 
seen during hyperbaric treatment are those 
related to the increase of chamber pressure and 
the resultant volume changes in closed, gas-
fi lled spaces (Boyle’s Law). The middle ear, 
sinuses, and lung are commonly affected by 
pressure changes. Middle ear and sinus baro-
trauma are the injuries most frequently 
encountered, especially when congestion is 
present. They can usually be prevented by 
coaching the cooperative patient in ways to 
equilibrate middle-ear pressure and enhance 
eustachian tube function (swallowing, yawning, 
chewing, Frenzel or Valsalva maneuvers). Local 
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or systemic decongestants can also be used. 
When indicated, for example, in the uncoopera-
tive young or comatose patient, tympanocente-
sis needs to be performed before HBOT. In a 
second report derived from the study on the 
effect of HBOT on CP patients, Muller-Bolla and 
coworkers109 report that middle-ear barotrauma 
was the most frequent complication in 50% of 
the children with CP who received HBOT at 
1.75 ATA and in 27.8% of the children with CP 
from the control group who received com-
pressed air at 1.3 ATA. This happened even 
when children who had a recent episode of 
acute otitis media were excluded from the 
study. All children were instructed in the Val-
salva technique, and in most cases, an adult was 
present in the chamber. Ear pain was the 
second most common side effect of HBOT 
(3.6% in the HBOT group).

Hypoxemia during the air breathing peri-
ods must be tightly controlled and prevented 
by oxygenation monitoring.110

Pulmonary barotrauma during decompres-
sion and pulmonary and central nervous system 
oxygen toxicity are rare, preventable complica-
tions during HBOT in the pediatric patient. These 
entities are discussed in Chapters 13 and 23.

Because of their susceptibility to ROP, pre-
term infants younger than 35 weeks’ postcon-
ceptual age should be considered only with 
caution as candidates for HBOT at present, 
that is, until more data are available on the 
effects of HBOT on the developing retina. 
Funduscopic examination before the fi nal 
decision before HBOT for a premature infant 
32 to 33 weeks gestational age may reveal al-
ready developed retinal vessels and, therefore, 
a low risk for ROP development.

Oxygen has been the most common form of 
therapy given to newborn infants and children 
since the 1940s. Despite that, little is still 
known about how much infants actually need, 
or how much it is wise to give. A great degree 
of uncertainty remains in neonatal medicine 
concerning the use of normobaric oxygen, 
with a tight balance between oxygen levels 
and the fl uctuation between the development 
of blindness after ROP with high, or poorly 
controlled, oxygen saturation level policies, 
and the increased incidence of CP and greater 

mortality in premature low-birth-weight infants 
following low oxygen saturation policies.111,112

There are many animal studies with contra-
dictory results concerning the effects of HBOT 
on the development of ROP. Torbati and col-
leagues113 found that sustained HBOT-induced 
retinal vasoconstriction in newborn rats, fol-
lowed by hypoxic-ischemic injury, might result 
in vascular proliferation, thereby initiating ROP 
development on return to air. In contrast, in a 
study performed on rat pups,114 there were 
no abnormalities in the structure of the retina 
and no changes in the protein expression of 
hypoxia-inducible factor-1� and vascular endo-
thelial growth factor after exposure to hyper-
oxia for 1 hour at normobaric or hyperbaric 
pressures; thus, this did not result in the struc-
tural changes or abnormal vascularization that 
is associated with ROP, suggesting that hyper-
oxia is a safe treatment for hypoxic newborns. 
However, it is necessary to consider the validity 
of this model when comparing the retinal 
development of rat pups with the degree of 
immaturity of the retina in premature infants.

Hypothermia and Hyperthermia

Thermoregulation and thermoprotection, 
which are of critical importance for the neo-
nate and the infant, are also diffi cult to achieve 
and maintain in the hyperbaric environment. 
External warming techniques, such as the use 
of warm blankets or water-fi lled devices, may 
be used; heaters are not safe in the chamber.

Transport-Related Complications

In a series of ventilated patients, Keenan and 
coworkers63 assessed the rate of complica-
tions induced by the management and trans-
port of complex intensive care patients to a 
hyperbaric chamber for HBOT. They found no 
signifi cant increase in complications related 
to this complex procedure.

Nuthall and colleagues115 report on two 
patients with CP who experienced complica-
tions related to HBOT: one resulting in aspi-
ration to the lungs after vomiting in the 
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chamber, and the second with respiratory 
distress and convulsions caused by a cerebral 
infarction suspected to be temporally related 
to HBOT. In both cases, HBOT was related to 
the pathology in a temporal manner.

PREPARATION OF THE PATIENT 
BEFORE HYPERBARIC 
OXYGEN THERAPY

Although many of the complications and 
problems associated with HBOT are similar 
for adults and children (see Chapters 22–26), 
several issues are potentially unique to the 
pediatric population.

Children as young as 5 years of age can 
perform a pressure compensation maneuver 
(“clearing the ears”) by closing both nose and 
mouth and elevating the pressure against a 
closed glottis. Younger or disoriented children, 
as well as infants, should undergo myringot-
omy to prevent middle- and inner-ear baro-
trauma. Giving an infant a bottle to suck is not 
a reliable method of equalizing pressure and 
can delay or jeopardize treatment.

In the majority of children, endotracheal 
intubation is performed using an uncuffed en-
dotracheal tube. However, if the child is intu-
bated with a low-pressure balloon, the air in-
side the balloon must be replaced by fl uid. The 
same applies to a urinary bladder catheter.

Sometimes a child is frightened and unwill-
ing to enter the chamber. In such cases, it is 
advisable to allow a family member to enter 
the chamber with the patient, after otoscopic 
examination and a chest radiograph have been 
performed exactly as for the patient.

Among the other special requirements of 
the pediatric patient in the hyperbaric cham-
ber is the advance preparation, or adapta-
tion, of medical instruments suited to the 
patient’s age. Suitable oxygen delivery sys-
tems must also be made available, such as an 
oxyhood, or a free-fl ow or demand mask for 
the more cooperative child. Mechanical ven-
tilators can be adapted or their settings 
changed when treating infants, to prevent 
pulmonary barotrauma.

REPORTS FROM DIFFERENT 
COUNTRIES ON THE TREATMENT 
OF THE PEDIATRIC PATIENT

Clinical Experience Reported 
by Russian Authors

A huge amount of clinical experience in the 
use of hyperbaric medicine for adults and 
pediatric patients has been reported by 
Russian authors. Large hyperbaric facilities 
have been built at many centers in Russia. 
Unfortunately, most of this medical experi-
ence was reported in a small number of 
publications, mainly in Russian, and using 
medical terms and concepts not totally 
accepted by “Occidental” medicine, or to be 
more exact, not in accordance with what we 
today call the more evidence-based medical 
treatment approach.

Baydin1 has reported on the experience 
accumulated at the Russian State Medical 
University in Moscow with the treatment of 
4500 children, including newborns and chil-
dren up to 15 years of age. The main treatment 
indications for the use of HBOT related to surgi-
cal pathology. He reports that about 5000 HBOT 
sessions have been conducted in their clinic for 
this age group. HBOT has been used at their 
clinics since 1969 using a monoplace chamber 
under the direction of the Department of Pedi-
atric Surgery and Resuscitation.

The main indications for treatment that 
Baydin1 mentions in his review are peritonitis 
and necrotizing enterocolitis, crush injury and 
scalping wounds, and after abdominal surgery. 
HBOT is also mentioned as part of the treat-
ment after resuscitation from cardiac and 
respiratory arrest.

The outcome for children treated with 
HBOT for multiple trauma, crush injury, and 
abdominal surgery was reviewed: 64 children 
were examined (32 treated with HBOT) after 
extensive multiple trauma and initial surgical 
intervention. The group treated with HBOT 
had faster wound healing, improved general 
condition, and shorter hospital stays. Exten-
sive studies on wound healing in these 
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patients were performed using the cellular 
composition of the exudates as markers for 
improvement. HBOT resulted in a reduction 
in the number of neutrophils of 19.4% and 
necrotic cells of 55.2%, as well as an increase 
in the number of macrophages and fi bro-
blasts, thus shortening the time of wound 
healing. Baydin reports the treatment of 
31 patients after crush injury, but their out-
comes are not given in detail. The outcome 
of a group of 127 children who suffered from 
purulent peritonitis was compared with 118 
control cases. No details of the groups are 
given, but the outcome is described as favor-
able for the HBOT group showing 2.8 times 
fewer postoperative complications, 1.4 times 
shorter wound healing time, plus shorter 
times in intensive care and in total hospital 
stay (1.6 and 1.2 times, respectively).

The same success was reported concerning 
28 newborns with postoperative paralytic 
ileus. Bioelectrical activity of the bowel and 
functional recovery (general condition, stools) 
was faster in the treated group than in the 
control group. The bioelectrical activity of 
transposed bowel in esophagoplasty for esoph-
ageal atresia appeared earlier in the treated 
group; 75 infants with necrotizing enterocoli-
tis showed earlier improvement in bowel func-
tion and 18% lower mortality, with 10 or more 
sessions depending on the stage of the disease 
(50% more sessions for stages 2 and 3). In stage 
4, with intestinal perforation and peritonitis, 
HBOT did not show any effect. Because there 
is no mention of the demographic data of the 
patients, gestational age, and birth weight, and 
because necrotizing enterocolitis is more fre-
quent in the range where ROP can occur, 
these reports raise questions about the possi-
ble side effects on the visual outcomes of 
these infants.

Sixty children who needed surgery for 
megacolon (there is no mention of the cause) 
received 8 to 10 sessions of HBOT as prepara-
tion for surgery. They did not receive HBOT 
after surgery. The treated group showed faster 
resolution of paralytic ileus (80% in the con-
trol group vs. 10% in the HBOT group), faster 
stool passage, fewer days in the ICU, decreased 
complication rate (5% vs. 35%, respectively), 

and no deaths in the HBOT group compared 
with two deaths in the control group.

As for the use of HBOT during pregnancy 
and delivery, the authors reviewed a number of 
indications that are practically nonexistent in 
occidental medical practice, such as threatened 
abortion and fetoplacental insuffi ciency, fetal 
hypoxia and growth delay in pregnancies of 
women with heart disease, renal disorders, 
hypertension, anemia, and fetoplacental insuf-
fi ciency. These pregnant women received 10 to 
12 sessions of HBOT, and favorable outcomes 
were reported for the pregnancies compared 
with a control group. Deliveries complicated 
with toxemia, late gestation, diabetes, or con-
genital or acquired heart disease were man-
aged inside the hyperbaric chamber, whether 
by vaginal delivery or by cesarean section, to 
prevent hypoxia in both the mother and fetus 
with cardiopulmonary pathology. Almost all of 
the mentioned cases were presented in medi-
cal meetings in the 1980s according to the 
references in Baydin’s chapters,1 but to the 
best of our knowledge, none of them was pub-
lished in indexed medical journals.

It must be noted that no data were given 
on complications related directly to treatment 
or to the performance of the procedures 
inside the chamber (such as the immediate 
need for advanced procedures for neonatal or 
maternal resuscitation, infection rates, the 
need for assistance from more personnel at 
the scene, etc.). However, a number of the 
diseases mentioned have a completely differ-
ent therapeutic approach in the medicine 
currently practiced in most countries.

Turkey

A total of 47 pediatric patients received HBOT 
at the Gulhane Military Medical Academy, 
Haydarpasa Training Hospital, between the 
years 2002 and 2006. Mean age of the pa-
tients was 8.7 ± 5 years (range, 10 months to 
17 years). Thirty patients (63%) were treated 
for acute CO poisoning, whereas the rest of 
the patients received HBOT for sudden deaf-
ness (3 patients, 6%), crush injury (3 patients, 
6%), nonhealing wound (2 patients, 4%), 
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hypoxic-ischemic encephalopathy (2 patients, 
4%), autism (2 patients, 4%), purpura fulmi-
nans (1 patient, 1%), facial nerve paralysis 
(1 patient, 2%), thermal burn (1 patient, 2%), 
near drowning (1 patient, 2%), and Perthes 
disease (1 patient, 2%).116

Israel

We reference here reports from two of 
the four hyperbaric facilities in Israel: Assaf 
Harofeh Hospital and the Israeli Naval Medical 
Institute. At Assaf Harofeh Hospital, between 
the years 1999 and 2005, 65 infants and chil-
dren were treated with hyperbaric oxygen. A 
total of 32 (48%) patients were treated for CO 
intoxication, 7 (11%) for hypoxic brain dam-
age (late treatment), 7 (11%) for CP, 5 (8%) for 
postirradiation necrosis, 3 (5%) for avascular 
necrosis, 2 (3%) for nonhealing wound, 2 (3%) 
for air embolism, 1 (2%) for compartment syn-
drome, 1 (2%) for brain abscess, 1 (2%) for 
autism, 1 (2%) for refl ex sympathetic dystro-
phy, 1 (2%) for severe hypotonia (cerebral 
atrophy), 1 (2%) for acute ischemia (fi nger), 
and 1 (2%) for decompression sickness. The 
median age of this group of patients was 
14 years (range, 3–18 years).

At the Israeli Naval Medical Institute, as pre-
viously published,51 by far the most frequent 
reason for HBOT is related to CO intoxication 
during wintertime (more than 70% of the pedi-
atric cases treated in this facility). This was 
followed by crush injury, acute peripheral isch-
emia, and reimplantation (9% of cases). All the 
other indications that are listed by the UHMS as 
accepted indications are mainly sporadic. The 
median age of the patients is 7.7 years (range, 
2 months to 18 years). The policy of treating 
accepted indications only is still the current 
practice at this facility.

United States

More than 600 facilities, some hospital based, 
some military or privately owned, are spread 
throughout the United States. The practices in 
the United States are heterogeneous, but offi cial 

policies are well known and established by 
regulatory organizations such as the UHMS, 
which publishes regular reports and position 
statements (http://www.uhms.org). Even 
though it is an international association, the 
statements released by this organization form 
the bases for many medical institutions and 
health insurance policies in the United States.

Advertisements in different media by many 
facilities mainly involved in wound healing 
treatment also offer treatment for children with 
CP and recently for those with autism (http://
www.geocities.com/aneecp/hbocent.htm).

Canada

Twenty-six hyperbaric facilities are listed for 
Canada; some of these are public (in hospital, 
fi re service, or naval establishments) and 
some private. Many of the private centers of-
fer treatment for a wide range of diseases, in-
cluding CP in children. The private chambers 
are often not listed at all. In the Vancouver 
area alone, which has 1,500,000 habitants, 
there are 6 active hyperbaric chambers. 
Between 2004 and 2006, 12 patients younger 
than 16 years received HBOT at the hyper-
baric facilities at Vancouver General Hospital: 
1 had soft-tissue radionecrosis, 2 had chronic 
refractory osteomyelitis, and the rest had CO 
poisoning.117

Switzerland, Austria, and Germany

Forty-fi ve hyperbaric facilities are listed in 
Germany, Austria, and Switzerland; most of 
these centers offer treatment for the indica-
tions listed by the UHMS. There are no reports 
of HBOT for children apart from the UHMS 
indications.

SUMMARY

Pediatricians are not always aware of the 
potential benefi t of HBOT in the treatment of 
the diseases for which it is indicated, whereas 
the HBOT staff is not always familiar with the 
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specifi c management requirements of the 
pediatric patient, especially the critically ill 
patient. The physician inside the chamber 
who is caring for a ventilated, critically ill 
infant or child should have knowledge of this 
type of treatment, that is, of the required ven-
tilator settings, of intubation or reintubation 
of the patient, and of medication manage-
ment. A fundamental need exists for pediatri-
cians and institutions engaged in pediatric 
health care to be actively involved in the 
decision-making process regarding HBOT in 
the pediatric patient. Wise decision making, 
based on an understanding of the known 
benefi ts of this modality, can reduce mortal-
ity and the severe sequelae of those diseases 
for which hyperbaric oxygen is indicated. 
As in most areas of medicine, we should be 
able to establish treatments on the basis of 
clinical and investigational evidence of their 
effectiveness. This is not always possible, but 
the tendency to base new modalities, mainly 
for nonemergency indications, on clinical tri-
als should be encouraged.
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Not all hospital-based hyperbaric medicine 
departments offer management of critically ill 
patients. It is imperative that those hyperbaric 
medicine departments that treat, or offer to 
treat, critically ill patients have the appropriate 
equipment, certifi ed personnel, and proximity 
to important hospital services, so that there is 
no decrement in the level of care delivered to 
the critically ill patient. Hyperbaric oxygen ther-
apy (HBOT) is at a disadvantage treating criti-
cally ill patients because typical intensive care 
unit (ICU)–related equipment has not been 
designed or intended for the care of critically ill 
patients in the hyperbaric environment.

DEFINITION OF CRITICAL CARE

Critical care may bring up different images. It 
may include the patient at risk for worsening 
of his or her condition, with concomitant 
increase in morbidity and mortality. It may 
include anyone residing within an ICU. For 
purposes of this chapter, critical care con-
notes those patients who are intubated and 
mechanically ventilated.

DISORDERS TREATED
WITH HYPERBARIC OXYGEN
THAT MAY OCCUR OR CAUSE 
CRITICAL ILLNESS

Disorders for which HBOT is indicated1 that 
may cause critical illness include severe infec-
tions (gas gangrene with myonecrosis and nec-
rotizing fasciitis), acute carbon monoxide poi-
soning, crush injury, severe decompression 
sickness, and gas embolism. Hyperbaric oxygen 
may also be indicated and used in critically ill 
patients with acute compromised grafts or 
fl aps, osteomyelitis, diabetic lower extremity 
ulcers, and acute arterial insuffi ciency. The 
Hyperbaric Oxygen Therapy Committee Re-
port of the Undersea and Hyperbaric Medical 
Society (www.uhms.org) reviews the indica-
tions and rationale for hyperbaric oxygen in 
several conditions.1

Determining whether a critically ill patient 
needs or will benefi t from HBOT must be bal-

anced by the risk of removing and transport-
ing the patient from the well-controlled inten-
sive care environment, as well as the risk of 
HBOT.1 Risks to critically ill patients undergo-
ing transport have been well-documented.2,3 
Information exists about methods of reducing 
intrahospital transport risk.4 Nevertheless, 
when the patient is removed from the ICU, 
unforeseeable risks can ensue. The benefi t 
with HBOT ideally should be apparent from 
clinical trials and experience.

GAS EXCHANGE AND TREATMENT 
PROTOCOLS

Various HBOT protocols are used in critically ill 
patients. The Hyperbaric Oxygen Therapy 
Committee Report1 provides guidelines about 
typical treatment pressures and durations. For 
some disorders, more than one protocol has 
been described; currently, however, it is un-
known whether one is superior to another.

Lung dysfunction, often manifested in criti-
cally ill patients, is an important variable that 
may infl uence effi cacy of treatment. An intu-
bated patient who needs a fractional inspired 
oxygen concentration (FIO2

) of 0.3 would be 
expected to have signifi cantly different arterial 
oxygen tensions at any given dose of hyperbaric 
oxygen compared with a patient who requires 
an FIO2

 of 0.7.5 If the patient has a high right-
to-left shunt because of profound lung dysfunc-
tion or a main-stem intubation, that patient’s 
arterial oxygen tension during hyperbaric 
oxygen may be far lower than expected.5,6

Some centers routinely measure arterial oxy-
gen tensions of intubated patients via indwell-
ing arterial catheters. Continuous monitoring 
allows careful adjustment of hyperbaric oxygen 
dose, the amount of positive end-expiratory 
pressure (PEEP), and the degree of sedation or 
paralysis. A reasonable goal with modifi cations 
is to maintain the arterial oxygen tension dur-
ing hyperbaric oxygen between 1000 and 1400 
torr, a value typically observed when indivi-
duals with normal cardiopulmonary function 
are exposed to HBOT. If the arterial oxygen ten-
sion fails to achieve at least 800 torr, it may be 
prudent to refrain from using HBOT until lung 
function improves.
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The measurement of arterial oxygen tension 
while patients undergo HBOT can be performed 
accurately with instrumentation that remains at 
atmospheric pressure if strict protocols are fol-
lowed. For example, a validated technique was 
described using the ABL 330 (Radiometer, 
Copenhagen, Denmark).5,7,8 Unfortunately, this 
instrument is no longer produced, and the manu-
facturer does not support its maintenance. A 
newer device, the ABL 525 (Radiometer), did not 
perform as well as the ABL 330, but for gas ten-
sions less than 1500 torr, it may be adequate for 
clinical decision making.9 The new generation 
ABL 800 may function better, but this has not 
been validated using hyperbaric tonometry 
experiments. Clearly, other devices could be in-
vestigated and may function adequately, but 
published validation trials do not currently exist.

TISSUE OXYGEN MEASUREMENTS

In the future, tissue oxygen measurements may 
be found to be helpful to predict response and 
outcomes after HBOT. Implantable oxygen sen-
sors exist, but again, clinical trials are lacking.10

TRANSCUTANEOUS 
MEASUREMENTS OF OXYGEN 
AND CARBON DIOXIDE

Transcutaneous oxygen measurements dur-
ing HBOT are routine, and Food and Drug 
Administration–approved devices exist for 
use in monoplace and multiplace chambers 
(Tina, Radiometer). The measurement of oxy-
gen tension of patients with ischemic wounds 
may predict outcome.11,12 Whether these 
measurements can be used as surrogates for 
arterial blood gas measurements has been 
examined in a small trial of healthy adults. 
Chest transcutaneous oxygen measurements 
were found to correlate with arterial oxygen 
tensions (R2 � 0.99) in 10 healthy subjects. 
When subjected to HBOT at 1.12 to 3.0 atmo-
spheres absolute (ATA), the transcutaneous 
oxygen values were less than arterial oxygen 
tensions by approximately 10%. The transcu-
taneous carbon dioxide tensions were 2 to 6 

torr (0.3–0.8 kPa) greater than the arterial 
carbon dioxide tensions, but the correlation 
was moderate (R2 � 0.21).13

Chest transcutaneous oxygen and carbon di-
oxide measurements have been described in 17 
critically ill patients undergoing HBOT.14 Among 
these patients, 13 were intubated and 8 were 
receiving continuous infusions of vasoactive 
drugs to maintain arterial blood pressure and 
cardiac output. Before HBOT, the patients had a 
mean arterial oxygen/FIO2

 (P/F) ratio of 237 
± 141, minute ventilation (VE) of 9.1 ± 2 L/min, 
and PEEP of 6.5 ± 2.4 cm H2O, and the chest 
transcutaneous oxygen correlated with arterial 
oxygen tensions (R2 � 0.89). As with healthy 
subjects, while undergoing HBOT, these patients 
demonstrated transcutaneous oxygen values 
that were less than arterial oxygen tensions by 
approximately 10%. The transcutaneous carbon 
dioxide tensions were approximately 10% less 
than arterial carbon dioxide tensions, although 
the correlation was moderate (R2 � 0.66).14 
These limited data suggest that, in some criti-
cally ill patients, chest transcutaneous oxygen 
and carbon dioxide measurements may be 
acceptable for clinical decision making.

HYPOXEMIA AFTER HYPERBARIC 
OXYGEN THERAPY

Immediately after exposure to hyperbaric oxy-
gen, intubated patients often require a higher 
FIO2

 than before HBOT,15 hence special atten-
tion must be taken to assure that these 
patients do not become hypoxic. This tran-
sient worsening of lung function may be 
because of atelectasis caused by 100% oxygen 
(nitrogen washout from the lung) or because 
of other causative factors of worsening right-
to-left shunt fraction. Typically, within a few 
hours after decompression, lung function 
returns to prehyperbaric oxygen levels.5,15

Hypoxia While Breathing 
Hyperbaric Air

Some HBOT schedules incorporate inter-
mittent periods of air breathing to reduce 
the risk for oxygen toxicity.16,17 Critically ill 
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patients who need supplemental oxygen to 
maintain adequate arterial oxygen tensions 
can manifest hypoxemia while breathing 
hyperbaric air.18 Monitoring of the patient’s 
arterial oxygen tension is advisable to pre-
vent hypoxemia during hyperbaric air peri-
ods. Pulse oximetry measurements would be 
helpful to monitor for hypoxemia during 
hyperbaric air breathing, but no devices 
have received Food and Drug Administration 
approval for hyperbaric use. Therefore, trans-
cutaneous oxygen monitoring may be useful 
to monitor for hypoxia during air-breathing 
periods. Of course, an alternative strategy is 
to omit air-breathing periods, but this 
approach must be balanced against the risk 
for oxygen toxicity.

EQUIPMENT NECESSARY TO TREAT 
CRITICALLY ILL PATIENTS
WITH HYPERBARIC OXYGEN

Hyperbaric medicine departments that treat 
critically ill patients need similar or identical 
equipment as is found in an ICU. Ideally, this 
includes monitors for electrocardiogram, 
invasive blood pressure, pulse oximetry, and 
end-tidal carbon dioxide. Although pulse 
oximetry may not be used inside the cham-
ber, it is important to monitor the arterial 
oxygen saturation of critically ill patients 
before and after HBOT. Additional equipment 
includes defi brillators and crash carts; intuba-
tion equipment and a selection of endotra-
cheal tube sizes; tube thoracostomy equip-
ment; suction, central, and arterial catheters; 
gowns; gloves; and so forth.

MECHANICAL VENTILATORS 
FOR HYPERBARIC OXYGEN 
THERAPY OF CRITICALLY ILL 
PATIENTS

Mechanical ventilation of patients treated 
with hyperbaric oxygen is hampered be-
cause hyperbaric-approved ventilators ex-

hibit marginal performance. For monoplace 
chamber use, common ventilators include 
the 500A (Sechrist Industries, Anaheim, 
Calif) (Fig. 7.1) and the Omni-Vent (Allied 
Healthcare Products, Inc., St. Louis, Mo; 
also sold as the MaxO2 and the Magellan) 
(Fig. 7.2). The 500A performs adequately if 
the minute ventilation is less than 12 L/min 
and PEEP values are less than 10 cm H2O.19 
For patients who require higher minute ven-
tilations, the Omni-Vent exhibits better per-
formance.20 Both ventilators have manual 
controls for adjusting inspiratory fl ow, inspi-
ratory time, and expiratory time, but neither 
has an alarm. Operation of either ventilator 
with oxygen delivered at a typical hospital 
headwall pressure (55 pounds per square 
inch gauge [psig]) severely limits their per-
formance.19,20 The 500A performance is im-
proved when operated at 80 psig, whereas 
Omni-Vent performance is improved when 
operated at 120 psig.20 Therefore, both venti-

Figure 7.1 Sechrist 500A monoplace hyperbaric 
ventilator.
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lators need a separate high-pressure oxygen 
source (and air source, if air-breathing 
periods are provided).

The 500A control module is outside the 
monoplace chamber, and the patient circuit 
inside the chamber is connected to a ventila-
tor block (see Fig. 7.1). We do not use the 
nebulizer and have not encountered inspis-
sated secretions. A peak pressure pop-off 
valve needs to be adjusted before HBOT. 
Tidal volumes are measured inside the cham-
ber with a spirometer. Airway pressures are 
measured inside the chamber on the inspira-
tory side of the patient airway circuit. Posi-
tive expiratory pressure can be applied 
using continuous positive airway pressure 
valves (Accu-PEEP; Vital Signs, Totowa, NJ). 
The ventilator requires one pass-through 
port. If air-breathing periods are to be pro-
vided, special modifi cations are necessary, as 
well as two pass-through ports.21

The Omni-Vent is located outside the 
monoplace chamber. High-pressure gas hoses 
(rated at several hundred psig) are placed 
between the ventilator inspiratory port and 
the chamber hatch pass-through (Fig. 7.3). It 
is important to install a one-way back-check 
valve in this inspiratory circuit to prevent 
pulmonary “squeeze” if pressure is lost in this 
high-pressure hose during the delivery of 
hyperbaric therapy. As with the 500A, tidal 
volume is measured with a spirometer, and 
proximal airway pressures are measured with 

a manometer located inside the chamber. The 
peak pressure “pop-off” is located inside the 
chamber and adjusted before HBOT. This 
ventilator requires two pass-through ports, 
one for the inspiratory circuit and the other 
for the exhalation valve operation (see 
Fig. 7.3). Air-breathing periods can be pro-
vided by driving the Omni-Vent with air at 
the appropriate supply pressure.

Disadvantages of the 500A are the limita-
tions with high rates, especially with higher 
PEEP, and at greater chamber pressures.19 
Disadvantages of the Omni-Vent are sensi-
tive inspiratory time and expiratory time 
control knobs. A minor turn of either knob 
may result in a dramatic change in either 
inspiratory or expiratory time (i.e., tidal vol-
ume or respiratory rate, respectively). The 
Magellan ventilator has been improved in 
this regard with less sensitive control 
knobs.

For mechanical ventilation in multiplace 
chambers, experiences with several ventila-
tors have been reported.22,23 Devices include 
the Penlon,24,25 Monahan 225,26 Bird,27 Omni-
Vent, a modifi ed Servo 900C, as well as oth-
ers28–31 (Folke Lind, MD, PhD, Karolinska 
Hospital, Stockholm, Sweden, personal com-
munication, February 2006). For ventilators 
that do not provide tidal volume and respira-
tory rate information, volume monitors have 
been modifi ed and attached to the ventilator 
to monitor minute ventilation of patients 

Figure 7.2 Omni-Vent and Magellan hyperbaric ventilators.
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treated in multiplace chambers.32 The 
Uni-vent, Eagle, Model 754 (Impact Instru-
mentation, Inc., Caldwell, NJ) passed the U.S. 
Navy Experimental Diving Unit testing for 
multiplace chamber operations,30,31 but it is 
unknown whether any have been put into 
use in an HBOT treatment center.

Hypercapnia can occur if there is poor 
matching of alveolar ventilation to carbon 
dioxide production. Even with modern-day 
microprocessor-controlled mechanical venti-
lators in an ICU setting, hypercapnia canoc-
cur. For patients with acute lung injury or 
acute respiratory distress syndrome, thera-
peutic permissive hypercapnia with a low 
tidal volume strategy reduces mortality.33 This 
strategy poses special risks with regard to 
HBOT, however, because if hypercapnia is 
maintained or develops during hyperbaric 
oxygen, the risk for central nervous system 
oxygen toxicity increases.34 Many centers 
customarily sedate intubated patients during 
HBOT using drugs that are also anticonvul-
sants (e.g., propofol, lorazepam). When para-

lytic agents are used, it is customary to also 
provide sedation, but paralysis does raise con-
cern about nonobservable seizure activity.

END-TIDAL CARBON DIOXIDE 
MONITORING

The end-tidal carbon dioxide levels can be 
monitored during hyperbaric pressurization 
in both monoplace35,36 and multiplace37,38 
chambers. For monoplace chambers, ex-
haled gas can be passed out through the 
chamber hatch to the end-tidal carbon diox-
ide analyzer. Because the patient is com-
pressed and the analyzer is calibrated at at-
mospheric pressure, the measured end-tidal 
carbon dioxide values must be “corrected” 
for interpretation. For example, a patient 
compressed to 2.0 ATA may have an actual 
end-tidal carbon dioxide level of 36 torr. 
Ideally, this value should measure 18 
(36/2) with a monitor located at sea-level 
pressure.36
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ENDOTRACHEAL TUBES

The endotracheal tube cuff needs to be fi lled 
with sterile saline before compression. This is 
especially true for treating critically ill patients 
in the monoplace chamber because caregivers 
do not have access to the endotracheal tube 
cuff pilot balloon during therapy. The cuff 
should be fi lled with saline suffi cient to pre-
vent the endotracheal tube from leaking. After 
hyperbaric oxygen, the patient’s oropharynx 
should be suctioned, and all the saline must be 
removed and the cuff fi lled with air, while con-
fi rming safe cuff-to-tracheal tube pressures.39 
This is not as critical in a multiplace chamber 
because air can be added to the cuff as pres-
surization occurs. If this mode of endotracheal 
tube care is used, attention must be paid to 
vent the cuff during decompression.

INTRAVENOUS INFUSION PUMPS

At the time of publication of this textbook, no 
Food and Drug Administration–approved intra-
venous (IV) infusion pump for HBOT exists. 
Monoplace chambers use three IV pumps: IVAC 
530, Abbot LifeCare, and Baxter Flo-Guard. 
(None of these pumps are available from 
the manufacturers, but may be available from 
hyperbaric equipment suppliers. See www.
uhms.org classifi eds for assistance.) The Abbot 
LifeCare IV pump was approved for monoplace 
chamber use, but this pump is no longer avail-
able. The Baxter Flo-Guard IV pump performs 
well during monoplace chamber use.40,41 For 
the Baxter Flo-Guard pump to infuse fl uid 
against the pressure inside the monoplace 
chamber, however, the downstream occlusion 
adjustment plug must be adjusted to activate at 
30 to 35 pounds per square inch (psi).40

It is important for clinicians guiding IV infu-
sion therapy to patients compressed within 
monoplace chambers to know that the IV tub-
ing between the IV infusion pump and the 
chamber hatch is compliant and expands dur-
ing chamber pressurization. Because of this, a 
patient will not receive IV drugs at low infu-
sions (�10 mL/hr) for at least 20 minutes.40,41 
One solution to this problem is withdrawing 

all of the IV set tubing proximal through the 
pump so that only a minimal amount of IV set 
tubing is present between the pump and the 
chamber door. This IV set tubing can then be 
connected to hard, pressure, Luer-lock tubing 
to the IV pass-through (Argon Medical De-
vices, Inc., Athens, Tex). Alternatively, the low-
rate infusion could be piggybacked onto a 
high-rate infusion.

Several pumps have been used and tested 
within multiplace chambers.42–44 One multi-
place facility reports adequate performance 
from the ALARIS Medley IV infusion pump 
(ALARIS Medical Systems, Inc., San Diego, Calif) 
(Neil Hampson, MD, personal communication, 
August 4, 2006). The hyperbaric facility staff 
should carefully assess any IV infusion pump 
they contemplate using for performance accu-
racy, suitability, and safety.42 Reductions in ino-
tropic support while using syringe pumps to 
2.8 ATA have been observed, which could 
explain hypotension of critically ill patients dur-
ing compression.44

PHYSIOLOGIC MONITORING

Monitoring apparatus and procedures for 
the monoplace hyperbaric chamber were out-
lined in Chapter 2. For multiplace chambers, 
several articles have reviewed physiologic 
monitoring.45,46 The monitoring system may 
be identical to that used elsewhere within the 
hospital. If different, attention needs to be 
focused on integrating the monitoring system 
with the hospital’s to streamline transitions 
to and from the ICU and the hyperbaric 
chamber. The hospital biomedical department 
should be involved with establishing connec-
tions between the chamber and the monitors 
located outside the chamber. It is helpful to 
place a secondary (slave) monitor inside the 
chamber so that inside attendants can observe 
physiologic data.

SUCTION

Apparatus and procedures for suctioning in 
the monoplace hyperbaric chamber were out-
lined in Chapter 2. Suction can be applied in 
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monoplace and multiplace chambers.47 Com-
mon uses for suction are nasogastric, drains, 
and vacuum-assisted closure (VAC) devices.48 
VAC devices are commonly used in critically 
ill patients, such as those with necrotizing 
fasciitis or open abdomens. Thus providing 
suction during hyperbaric oxygen is impor-
tant to prevent loss of the vacuum seal. VAC 
therapy cleanses and stimulates the wound 
bed, reduces localized edema, reduces infl am-
mation, reduces pain, and improves local oxy-
gen and nutrient supply to the wound. VAC 
therapy increases the rate of granulation tis-
sue formation and reduces the number of 
dressing changes.49

TUBE THORACOSTOMIES

Tube thoracostomies, or chest tubes, are placed 
to evacuate pleural blood, fl uid, or air. If the 
chest tube was placed to evacuate fl uid and 
there was no pneumothorax, the chest tube 
can drain passively, or it can be attached to suc-
tion during HBOT. A one-way Heimlich valve 
(Bard-Parker Heimich Chest Drain Valve; Becton, 
Dickinson and Company, Franklin Lakes, NJ) 
should be placed within the chest tube circuit 
to prevent a pneumothorax if the evacuation 
system is inadvertently opened to atmospheric 
pressure. For patients with drained pneumotho-
races, a Heimlich valve must be placed in the 
pleural drainage circuit, and airway pressures 
during mechanical ventilation should be mini-
mized. Closed pleural collections systems 
should be tested before being subjected to 
hyperbaric pressurization, because some closed 
drainage collection systems can be damaged 
and malfunction when subjected to hyperbaric 
pressure.50

PACEMAKERS, INTERNAL CARDIAC 
DEFIBRILLATORS, AND NERVE 
AND SPINAL STIMULATORS

Issues that pertain to use of pacemakers, 
internal cardiac defi brillators (ICDs), and 
nerve and spinal stimulators in a monoplace 

chamber are discussed in Chapter 2. For 
patients with implanted pacemakers, ICDs, 
or nerve or spinal stimulators, similar con-
cerns apply if treated in either multiplace or 
monoplace chambers. If a patient has an im-
planted cardiac pacemaker, the pacemaker 
manufacturer needs to specify that the de-
vice is suitable for hyperbaric compression, 
and the maximum pressure to which it may 
be subjected. As discussed in Chapter 2, 
ICDs may be at risk for ignition if their leads 
are faulty and the ICD discharges. Until ICD 
manufacturers indicate their ICDs are safe 
for use under hyperbaric oxygen conditions, 
it may be prudent to deactivate the ICD 
before each HBOT, monitor the patient, and 
reactivate after HBOT. Personnel and equip-
ment must be available to treat cardiac dys-
rhythmias during the interval of ICD deacti-
vated. Implanted drug delivery devices and 
spinal stimulators need to be verifi ed by the 
manufacturer that they are safe for compres-
sion during HBOT. If not, the patient may not 
be a suitable candidate for HBOT, unless the 
device can be deactivated.

DEFIBRILLATION 
AND CARDIOVERSION

Defi brillation and cardioversion can be per-
formed inside the multiplace chamber as 
long as there is no excess oxygen buildup.51 
For monoplace chamber patients who need 
defi brillation or cardioversion, these proce-
dures must be done outside the chamber. It 
is advisable to switch gas supply from oxy-
gen to air while decompressing these 
patients to hasten dissipation of oxygen 
from around the hyperbaric chamber door. 
Patients are cardioverted or defi brillated af-
ter opening the chamber hatch and sliding 
the patient out of the chamber onto the gur-
ney. If switching the chamber gas supply to 
air is not possible, then 40 seconds or more 
needs to elapse for oxygen to dissipate 
before defi brillation.52 Also, all patient gar-
ments must be removed before defi brillation 
because they, too, will be oxygen enriched 
and thus increase the risk for fi re.
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SEDATION

Frequently, critically ill patients are sedated 
while in the ICU. Thus, these critically ill 
patients are receiving continuous infusions 
of narcotics for pain and sedatives for seda-
tion in the ICU as well. Infusions of fentanyl, 
propofol, and as-needed doses of benzodiaz-
epines will be required during HBOT. Each 
of these infusions must be on separate 
pumps and IV sets through the chamber 
hatch. As mentioned earlier, low-rate infu-
sions require hard, Luer-lock pressure tubing 
between the IV pump and the chamber 
hatch to ensure the patient receives these 
drugs at the desired rates.40,41

Before the introduction of propofol, critically 
ill patients were often paralyzed to facilitate 
mechanical ventilation inside the monoplace 
chamber. However, the use of paralytic agents 
should be avoided whenever possible because 
of contribution to prolonged neuromuscular 
weakness.53,54 However, paralysis may still be 
necessary (after adequate deep sedation) for 
patients who have considerable ventilator asyn-
chrony, high risk for self-extubation or harm, or 
evidence of air trapping, especially if it ad-
versely affects gas exchange.

Restraints

Careful consideration should be given to place-
ment of restraints on sedated, critically ill 
patients undergoing HBOT. Management deci-
sions are easier in a multiplace chamber 
because hands-on care is always provided. In 
the monoplace chamber, it is generally advis-
able to use restraints because dislodgment of an 
endotracheal tube, arterial or venous medical 
lines, or other devices may cause serious harm.

Glucose Control during Hyperbaric 
Oxygen Therapy

Evidence exists that normalization of blood 
glucose during critical illness improves out-
comes.55,56 In some patients, discontinuing 

enteral or parenteral nutrition during hyper-
baric oxygen causes tight glucose control to 
become challenging when nutrition and insu-
lin are reinstituted in the ICU. Therefore, if 
possible, enteral and parenteral nutrition of 
critically ill patients during hyperbaric oxy-
gen should be continued. Controlled infusions 
of insulin to maintain normal glucose values 
of these patients during HBOT can be used. As 
stated earlier, low IV infusion rates, such as 
insulin, require hard, Luer-lock tubing between 
the IV infusion pump and the chamber 
hatch,40,41 or this insulin infusion must be pig-
gybacked into an infusion running at a high 
rate. Blood can be withdrawn from an arterial 
catheter or from a central venous catheter to 
check glucose levels8 (Fig. 7.4).

Children

Critically ill children can be treated with hyper-
baric oxygen in monoplace or multiplace cham-
bers.57 In one study, hypotension, broncho-
spasm, hemotympanum, and progressive 
hypoxemia were noted as complications. How-
ever, most complications were deemed man-
ageable by knowledgeable staff.57 As with adults, 
critically ill children may require titrated doses 
of sedation and analgesia during HBOT. Input 
and, ideally, comanagement by pediatric inten-
sive care are invaluable (see Chapters 2 and 6).

Myringotomies

Differing opinions have been presented regard-
ing whether intubated, sedated patients require 
prophylactic myringotomies before hyperbaric 
pressurization.58–60 It is currently unknown 
whether prophylactic myringot omies prevent 
long-term sequelae from inner-ear barotraumas 
in intubated, sedated patients. A prospective 
clinical trial is needed to determine whether 
prophylactic myringotomies of intubated, 
sedated patients improve ear-related outcomes. 
If myrin gotomies are done, thermal61 or laser62 
myringotomy may be advantageous for middle-
ear ventilation, because the placement of 
tympanostomy tubes in patients treated 
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with hyperbaric oxygen may be excessive.63 
For critically ill patients with brain edema 
treated with hyperbaric oxygen, prophylactic 
myringotomies may be important to minimize 
increases in intracranial pressure during 
pressurization.64

SYSTEMATIC REVIEWS 
OF CRITICAL CARE 
AND HYPERBARIC OXYGEN

Information from abstract presentations has 
reviewed the type of critically ill patients and 
rates of complications related to hyperbaric 
oxygen.65,66 As mentioned earlier, it appears 
the rate of manageable, hyperbaric-related 
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Figure 7.4 Setup for withdrawing blood from an arterial catheter and pressure transducer. 
A four-way stopcock is placed between the pressure transducer and the continuous fl ush device. 
The handle of the four-way stopcock is positioned so all ports are open. Hard, pressure, Luer-lock 
tubing is connected to the stopcock and an intravenous (IV) pass-through, which passes out of the 
chamber via a hatch pass-through. A stopcock is placed outside the IV pass-through and permits 
arterial blood to be sampled (Hyperbaric chamber IV extension kit [Part Number: 041600503A], 
which includes a 3-pound per square inch [psi] check valve, pass-through device, stopcock, and 
monitoring line; Argon Medical Devices, Inc., Athens, Tex). (For withdrawal of blood from the 
compressed patient, the 3-psi check valve must be removed.) After sampling, this line should 
be fl ushed with sterile saline from outside the chamber. ECG, electrocardiogram.

complications in children may be greater57 
than in the other two studies,65,66 which 
include both children and adults.

At Loma Linda, California, from 1981 to 
2003, 199 intubated critically ill patients were 
treated with hyperbaric oxygen in monoplace 
chambers for necrotizing infections, carbon 
monoxide poisoning, compromised surgical 
fl aps/grafts, and acute arterial ischemia. No 
mortality was attributed to this group.65

At our own institution from 1986 to 2006, 
182 intubated critically ill patients were 
treated with hyperbaric oxygen in mono-
place chambers (representing 1281 hyper-
baric oxygen sessions in 61 female and 
121 male patients; age, 44 ± 19 [range, 2–83] 
years).66 Patients had necrotizing fasciitis, 
carbon monoxide poisoning, crush injury, 
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The human respiratory system is designed to 
ensure a supply of molecular oxygen (O2) suf-
fi cient for tissues to meet a wide range of 
metabolic activities. The system is arranged as 
a series of compartments linked by the circula-
tion and designed for uninterrupted transfer of 
O2 from the inspired gas to cells, where it is 
consumed principally by mitochondria in the 
process of cell respiration.1 Respiration pro-
vides most of the energy for cell function 
through oxidative phosphorylation, which gen-
erates adenosine triphosphate (ATP) through 
stepwise oxidation of glucose and other sub-
strates coupled to the irreversible reduction of 
O2 to water.2

A large, thin air–liquid interface—imposed 
between the atmosphere and the blood by 
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the lungs—is composed mainly of the epi-
thelium and capillaries of the alveolar 
region, which serve as the main site of gas 
exchange.3 This pulmonary microcirculation 
allows for the rapid passage of red blood 
cells (erythrocytes), which pick up O2 from 
the atmosphere and deliver it by the actions 
of the left heart and arterial circulation to 
the systemic microcirculation for release 
and diffusion into tissue. Deoxygenated 
blood in the venous circulation returns via 
the right heart and re-enters the lungs, where 
it releases carbon dioxide (CO2) captured 
from cellular metabolism and is replenished 
with fresh O2. Thus, the lungs, blood, and 
circulation comprise an integrated mecha-
nism for continuous delivery of O2 to the 
cells for their metabolic activities. A simple 
in-series compartmental model of the respi-
ratory system illustrating this transport of 
O2 and CO2 to and from the tissue is shown 
in Figure 8.1.

The function of the erythrocyte as the 
main carrier of O2 depends entirely on the 
hemo globin (Hb) molecule. Erythrocytes 
comprise 40% to 45% of the circulating blood 
volume, and blood Hb concentration is �14 
to 15 grams per deciliter (g/dL).4 This gives 
the blood a large O2 storage capacity, which 
in combination with the large reserve of the 
normal heart and circulation for blood fl ow, is 
suffi cient to deliver enough O2 to support 
even heavy exercise.5 The organization and 
function of this O2 transport system is cov-
ered in four sections in this chapter begin-
ning with a brief overview of the principles 
of normal gas exchange and the fundamental 
capabilities of the respiratory system. These 
capabilities include signifi cant fl exibility 
in O2 loading and unloading by red blood 
cells, the bulk capacity of the O2 transport 
system, and the ability to expand the systemic 
microcirculation. The effects of breathing 
hyperbaric oxygen (HBO) on this system are 
then presented, followed by a section on cell 
metabolism, and, fi nally, a short synopsis on 
metabolic CO2 elimination.

In the presence of lung disease, or with 
disorders of the heart, circulation, or blood, 
or in special environments, the O2 transport 

system must also adapt to stress to avoid com-
promise of tissue function from hypoxia and 
energy failure. Some compromising condi-
tions, whether caused by cardiopulmonary 
pathology or by an extreme environment, pro-
duce critical limitations of O2 delivery (DO2) 
to tissues and therefore interfere with the 
normal maintenance of cellular energy homeo-
stasis. The nature of such stressors would be 
fair game for this chapter, but to focus on the 
physiology, they are discussed only briefl y 
here in the context of the convective O2 trans-
port system. However, the impact of supple-
mental O2 and HBO in particular on physio-
logic O2 transport and tissue oxygenation is 

Pulmonary
capillaries

O2

CO2

CO2 

O2

Gas exchange

Heart

Systemic 
capillaries

Gas transport
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Mitochondria

FIGURE 8.1 THE OXYGEN TRANSPORT SYSTEM. 
Diagram depicts the fl ow of O2 from the lungs to the systemic 
capillaries and the return of CO2 from cell metabolism to the 
lungs. The process requires a series of physical links in each di-
rection that includes diffusion → chemical binding → convec-
tion → chemical release → diffusion.
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covered throughout the text for the most 
relevant clinical conditions and diseases.

PULMONARY VENTILATION 
AND GAS EXCHANGE

The alveolar region of the human lungs has a 
surface area of perhaps the size of a tennis 
court and a thickness of less than 0.5 �m, mak-
ing it a highly effi cient structure for gas 
exchange.3 As the lungs are ventilated, inspired 
gas is conducted through the airways to the 
airspaces, whereas blood fl ows through the 
interfacial pulmonary arteries and alveolar cap-
illaries. To achieve effective alveolar gas ex-
change in a lung of such geometry and physical 
dimensions, both processes—ventilation and 
perfusion—require bulk fl ow (convection) of 
gas and liquid, respectively, which is coupled to 
gas diffusion across the interface.6

The composition of alveolar gas is deter-
mined by Dalton’s Law and the sum of 
the relevant partial pressures of nitrogen 
(PN2), oxygen (PO2), CO2 (PCO2), and water 
vapor (PH2O):

PB � PN2 � PO2 � PCO2 � PH2O

where PB is barometric or atmospheric pres-
sure. Because PB and PN2 are usually constant, 
and variations of PH2O are small, the alveolar 
gas composition is determined largely by the 
reciprocal relation between PO2 and PCO2.6

The absolute size of the lungs and the 
requirement for a large system of conducting 
airways means that a sizable portion of the 
total pulmonary ventilation never reaches the 
alveolar region for gas exchange to occur. For 
the healthy adult using a tidal breath of 450 mL, 
about one third of the volume fails to reach the 
airspaces and is, therefore, unavailable for gas 
exchange. This 150 mL is the conducting air-
way volume and is called the anatomic dead 
space (V̇D). The dead space must be subtracted 
from the total ventilation each minute (V̇E) to 
compute the alveolar ventilation (V̇A):

V̇A � V̇E � V̇D

Alveolar ventilation is, therefore, less than 
total minute ventilation because it mixes with 

the dead space ventilation. However, all of the 
CO2 in the expired gas comes from alveolar 
ventilation. This means that the volume of 
CO2 in the expired gas per minute can be 
defi ned by the equation:

V̇CO2 � V̇A � FCO2

where FCO2 is the fractional CO2 concentration 
in the expired gas. Because the PCO2 in the al-
veolar gas is almost identical to the PaCO2

, the 
effective alveolar ventilation is found by

V̇A � V̇CO2/PaCO2
 � K

where K is a proportionality constant (0.863). 
This simple equation demonstrates why the 
PaCO2

 can be used to determine the alveolar 
ventilation and makes it easy to discern 
the reciprocal relation between these two 
parameters—hypoventilation increases the 
PaCO2

, whereas hyperventilation decreases it.
It is also important to note that the PaCO2 

depends on the rate of CO2 production (V̇CO2) 
and on the dead space volume. The dead 
space actually has two components: the 
anatomic component described earlier, and 
a physiologic component, which is the total 
volume of lung that does not contribute to 
CO2 elimination. The physiologic dead space, 
usually described by the Bohr equation, is eas-
ily derived from the information presented 
earlier, and in its clinical form is as follows:

VD/VT � PaCO2
 � PECO2

/PaCO2

where VT is the tidal volume, and PECO2
 is the 

PCO2 in the expired gas.
Usually, the two components of the dead 

space, physiologic and anatomic, are roughly 
equivalent; however, in patients with signifi cant 
lung disease, the physiologic dead space may be 
quite a bit larger than the anatomic space 
because of unequal matching of ventilation and 
blood fl ow (perfusion). This unevenness mainly 
refl ects the contributions of lung units with 
very low blood fl ow relative to ventilation.

At rest, the alveolar ventilation of the nor-
mal human is about 5 L/min, which almost 
perfectly matches the entire pulmonary blood 
fl ow—the cardiac output—of about 5 L/min. 
Thus, the average or overall ventilation (V̇A) 
to perfusion (Q̇) ratio or V̇A/Q̇ of the human 
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respiratory system is close to 1.0.3,6 However, 
the overall V̇A/Q̇ ratio does not account for 
heterogeneity of ventilation and perfusion, 
which can be signifi cant. For instance, all 
lung regions do not receive the same amount 
of ventilation, and in the upright position, the 
lower lung zones are better ventilated (and 
better perfused) than the upper zones, which 
have greater ventilation than perfusion. The 
more precisely the lung is able to match ven-
tilation with perfusion, the better will be gas 
exchange. Indeed, mismatching of ventilation 
and blood fl ow is the primary cause of most 
of the defective gas exchange in patients 
with lung disease.

Oxygen and CO2 are exchanged in the 
terminal respiratory units by simple diffusion 
across the alveolar-capillary membrane.1 
Gases diffuse from regions of high-to-low par-
tial pressure, and as long as pulmonary ventila-
tion is adequate, O2 moves from alveolus to 
capillary blood, and CO2 from capillary blood 
to alveolus. The gas exchange in each ana-
tomic unit (local V̇A/Q̇) is averaged to give the 
overall V̇A/Q̇, and the dispersion of values 
around the mean determines the heterogene-
ity of gas exchange. In numeric terms, V̇A/Q̇ 
regions that have perfusion but no ventilation 
(V̇A/Q̇ � 0) are defi ned as right-to-left shunts, 
whereas regions with ventilation but no per-
fusion (V̇A/Q̇ � ∞) are defi ned as dead space.6 
The magnitude of these extremes and the dis-
tribution of high-to-low V̇A/Q̇ ratios determine 
the values of the PO2 and PCO2 in the arterial 
blood. These principles are illustrated by plot-
ting of the V̇A/Q̇ ratio against actual ventilation 
or blood fl ow on a graph (Fig. 8.2).

In general, low V̇A/Q̇ ratios and shunt pri-
marily affect O2 transfer across the lungs and 
cause hypoxemia, whereas high V̇A/Q̇ ratios 
and dead space have more infl uence on CO2 
elimination and may predispose to hypercap-
nia. The distribution of V̇A/Q̇ ratios and the 
effectiveness of gas exchange can be evalu-
ated in several ways, although no method 
provides an all-inclusive description of pul-
monary gas exchange. The simplest approach 
is to sample arterial blood and alveolar gas 
and analyze their compositions. Methods that 
utilize tracer gases and gas exchange models, 

such as the multiple inert gas elimination 
technique, are research tools that are outside 
the scope of this chapter.7

Clinically, the routine assessment of pulmo-
nary gas exchange relies on measurements of 
the arterial blood gases. The basic information 
about the adequacy of V̇A/Q̇ matching is pro-
vided by arterial PO2, especially if it is low. And 
if the inspired O2 concentration is normal, a 
low arterial PO2 indicates the presence of 
V̇A/Q̇ mismatching or areas of shunt. However, 
small amounts of shunt and regions of low 
V̇A/Q̇ may not be refl ected in the PO2. Further-
more, partial pressure of arterial oxygen (PaO2

) 
may be low for other reasons, including 
hypoventilation or low cardiac output. In the 
clinical setting, the alveolar-to-arterial PO2 dif-
ference (A-aDO2) must be calculated to prop-
erly interpret the arterial blood gases and fully 
evaluate pulmonary gas exchange.

The A-aDO2 is more informative than the 
PaO2

 because it quantitatively accounts for the 
level of ventilation. The value is calculated 
from the measurement of PaO2

 and an esti-
mate of the ideal partial pressure of alveolar 
oxygen (PAO2

) derived from the alveolar gas 
equation. The alveolar gas equation estimates 
an ideal PAO2

 by simplifying the lungs to 
a single uniform mathematic compartment 
as follows:

PAO2
 � FIO2

 (PB � PH2O) � PACO2

[FIO2
 � 1 � FIO2

/R]

where FIO2
 is the fractional concentration of 

inspired oxygen (0.209 in air), PB is barometric 
pressure (mm Hg), PH2O is water vapor pres-
sure at body temperature (47 mm Hg at 37°C), 
PACO2

 is alveolar PCO2 (mm Hg), and R the re-
spiratory exchange ratio (0.8 at steady state 
with a normal diet). To further simplify the 
calculation, the PaCO2

 can substitute for PACO2 

and the last term reduced to 1/R to give:

PAO2
 � FIO2

 (PB � PH2O) � PaCO2
/R

The A-aDO2 is nonzero, even in the healthy 
young adults, not because of a diffusion gra-
dient across the pulmonary capillaries, but 
because small areas of V̇A/Q̇ inequality and 
minor right-to-left and postpulmonary shunts 
constitute 2% to 3% of the cardiac output. 

              



CHAPTER 8 Pulmonary Gas Exchange, Oxygen Transport, and Tissue Oxygenation 137

Postpulmonary shunts are found normally 
in the bronchial circulation and the cardiac 
thebesian veins.8

The effect of V̇A/Q̇ mismatching on the 
A-aDO2 can be shown using a slightly more 
sophisticated two-compartment lung. If both 
compartments have identical V̇A/Q̇ ratios 
(e.g., 0.85), the absence of a diffusion gradient 
would produce no A-aDO2. However, if there 
is a slight V̇A/Q̇ mismatch—assume, for 
instance, that V̇A/Q̇ is 0.7 in one unit and 1.0 
in the other—the overall V̇A/Q̇ will still be 
0.85. However, the average PAO2

 computed 
from the one-compartment alveolar gas equa-
tion will remain the same. Hence, a small 
A-aDO2 difference will develop because the 
unit with a lower V̇A/Q̇ ratio will have less 
ventilation. The lower ventilation means that 
the local alveolar and capillary PO2 will also 
be lower, and that arterial PO2 overall will be 
reduced slightly. Because the number of low 
V̇A/Q̇ units tends to increase with age, the 
A-aDO2 increases with age—in proportion to 
the decline in PO2. A normal value for the 
A-aDO2 is approximately half of the age up to 
a maximum of 25 to 30 mm Hg.

As inspired PO2 increases, the A-aDO2 also 
increases because arterial PO2 rises slower 
than alveolar PO2 because of the impending 

complete saturation of Hb with O2 (fl atten-
ing of the dissociation curve) and elimina-
tion of the suppressive effects of V̇A/Q̇ 
inequality on PaO2

. Thereafter, progressive 
increases in PAO2

 with O2 breathing propor-
tionately increase the A-aDO2. The effect of 
O2 breathing on shunt is nil because, by 
defi nition, areas of shunt cannot be venti-
lated, making it impossible for O2 to diffuse 
into the arterial blood. These principles are 
illustrated in Figure 8.3.

The increase in A-aDO2 with PAO2
 makes 

the value too cumbersome to use clinically 
unless the patient is breathing room air. 
However, the A-aDO2 is easily converted to 
the a/A ratio, which at PaO2

 values greater 
than �100 mm Hg is constant over a wide 
range of inspired O2 concentrations and can 
be used under hyperbaric conditions. The 
ratio is taken by dividing the PaO2

 into the 
value of the PAO2

 derived from the alveolar 
gas equation. For instance, at a PAO2

 of 
90 mm Hg and a PAO2

 of 100 mm Hg, the 
a/A is 0.9 (reference range, 0.8–0.95). During 
100% O2 breathing, PaO2

 will increase to 
close to 600 mm Hg, but the a/A will remain 
approximately stable. However, the A-aDO2 
increases from 10 mm Hg to more than 
60 mm Hg!
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FIGURE 8.2 ALVEOLAR VENTILATION/
PERFUSION (V̇A/Q̇) RATIOS IN THE 
LUNG. The distribution of V̇A/Q̇ centers 
around unity for most of the lung’s ventilation 
and blood fl ow units. Solid line represents 
perfusion; dotted line represents ventilation.
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The a/A is especially useful for predicting 
the PaO2

 expected from a change in inspired O2 
concentration in the presence of lung disease. 
This approach is commonly used in practice to 
adjust inspired O2 concentration downward in 
patients on mechanical ventilation to avoid 
pulmonary oxygen toxicity. In hyperbaric medi-
cine, the a/A is used to estimate PaO2

 at a specifi c 
increased treatment pressure, particularly in pa-
tients with signifi cant preexisting lung disease.9

The PaO2
 under hyperbaric conditions can 

be predicted using a room air blood gas and 
the computed a/A by entering the ratio into 
the equation:

PaO2
 (predicted) � FIO2

 (760 � PATA

� PH2O) � [PaCO2
/R] � [a/AAir]

where PATA is the fi nal pressure in atmospheres 
absolute (ATA). A sample calculation of the 
predicted PaO2

 under hyperbaric conditions 
is given below for a patient with a PaO2

 of 
70 mm Hg and PCO2 of 40 mm Hg on room 
air at sea level who is to receive hyperbaric 
therapy at 2.5 ATA:

PaO2
 (predicted) � 1.0 (760 � 2.5 � 47) �

[40/0.8] � [0.7] � 1262 mm Hg

The example illustrates that patients with 
impaired gas exchange at sea level will con-
tinue to manifest that impairment under hyper-
baric conditions even though the inspired O2 
concentration is increased to high levels. The 

positive predictive value of a/AAir on PaO2
 has 

been confi rmed in patients in the chamber, and 
the method is accurate to at least 3 ATA.

OXYGEN TRANSFER FROM 
ALVEOLAR GAS TO BLOOD

O2 is transferred from alveolar gas across 
the pulmonary-capillary membrane into the 
blood by simple physical diffusion along the 
concentration gradient between the gas 
phase and blood plasma and then into the 
red blood cell where it is bound to Hb. Thus, 
O2 transfer represents molecular diffusion 
across a set of resistances in series, each of 
which behaves according to Fick’s Law of 
Diffusion.1 Despite this series of barriers, 
the overall process occurs rapidly, and for 
the normal lung under normal conditions, 
there is no diffusion limitation in pulmonary 
gas exchange.6 These principles are illus-
trated in Figure 8.4.

The diffusion gradient or driving pressure 
for O2 across the lungs is determined by the 
PO2 difference between mixed venous blood 
entering the pulmonary capillary and the 
local PAO2

. At a mixed venous PO2 of 40 mm 
Hg and an alveolar PO2 of 100 mm Hg, this 
gradient is about 60 mm Hg. Because of the 
great O2 capacity of the Hb sink, the PO2 
in the pulmonary capillary blood increases 
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FIGURE 8.3 DIFFERENCES IN RESPONSE TO SUPPLEMENTAL O2 BREATHING FOR LEFT-TO-RIGHT 
SHUNT AND ALVEOLAR VENTILATION/PERFUSION (V̇A/Q̇) MISMATCH (low V̇A/Q̇). Left, Failure of 
arterial partial pressure of oxygen (PaO2

) to increase with increasing fractional concentration of inspired oxygen 
(FIO2

) in the presence of shunt. Right, Greater widening of the alveolar-arterial O2 difference (A-aDO2) as the FIO2
 is 

increased in the presence of shunt than with low V̇A/Q̇.
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quickly and equilibrates with PAO2
 over the 

fi rst one third of the length of the capillary. 
That is, there is a normal pulmonary capil-
lary reserve of about twofold in residence 
time that prevents a diffusion limitation. 
However, disease states that cause pro-
nounced thickening of the alveolar-capillary 
membrane, such as sarcoidosis, or condi-
tions in which the PAO2

 is low and mean 
capillary transit time is short, such as exer-
cise at high altitude, do produce diffusion 
impairments (Fig. 8.5).

The structure of the lung is too complex 
to determine the exact surface area and 
thickness of the alveolar-capillary barrier for 
diffusion in vivo; therefore, for clinical pur-
poses, area and thickness are lumped with 

an apparent diffusion constant into a single 
parameter called DL, or the diffusion capac-
ity of the lung. DL is usually measured using 
a tracer gas, such as carbon monoxide (CO), 
and the DLCO is a standard pulmonary func-
tion measurement in modern clinical labora-
tories.6 By convention, the DL is separated 
into two components on the basis of the 
work of Roughton and Forster: the in-series 
resistances of the alveolar-capillary plus 
erythrocyte membranes (1/DM) and the time 
required for the chemical reaction and O2 
uptake by Hb (1/�Vc).10 In the latter term, 
� is the rate constant for the Hb reaction and 
Vc is the pulmonary capillary Hb volume. 
The sum of these two components thus rep-
resents the overall pulmonary resistance to 
diffusion or 1 ÷ diffusion capacity:

1/DL � 1/DM � 1/�Vc

The Roughton–Forster relation indicates 
that the membrane and capillary blood 
volume components of DL have equal math-
ematic weights, but Vc turns out to be a 
more important physiologic factor for 
O2 diffusion across the lung (Fig. 8.6). Vc is 
critical because the amount of Hb in the 
lung capillaries can vary several fold, for 
instance, by assuming a supine position or 
by the dilation and recruitment of capillaries 
with exercise. These maneuvers substantially 
increase DL. Thus, diffusion capacity mea-
surements of the lung are routinely per-
formed upright and at rest, and must be 

Vgas = A/T x D (P1– P2 )
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FIGURE 8.4 FICK’S LAW OF DIFFUSION IN THE LUNG.  
The volume of gas crossing the lung (Vgas) is equal to the ex-
change area (A) divided by the thickness (T) times the diffusion 
constant (D) times the difference in the gas partial pressure (P), 
in this case, the PO2, between the alveolus and the capillary.
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FIGURE 8.5 CAPILLARY TRANSIT TIME 
AND O2 SATURATION AT REST AND 
EXERCISE. Under normal conditions, the 
erythrocyte transit time through the capillary 
of about 0.75 second is long enough for 
hemoglobin to fully equilibrate with partial 
pressure of alveolar oxygen (PAO2

). However, 
in some pulmonary diseases associated with 
thickening of the alveolar-capillary membrane, 
or during exercise at high altitude, a diffusion 
limitation or “block” can occur.
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corrected for Hb concentration (3.5% per 
gram of Hb above or below 15 g/dL).

OXYGEN TRANSPORT FROM 
THE LUNG TO THE SYSTEMIC 
MICROCIRCULATION

The previous section deals with the diffusive O2 
transfer from the alveoli across the pulmonary 
microcirculation and into the erythrocyte. This 
is the fi rst portion of the so-called oxygen cas-
cade by which O2 moves from the atmosphere 
to the internal furnace of the cell—the mito-
chondrion (Fig. 8.7). The physiologic transport 

of O2 from pulmonary capillaries to systemic 
capillaries requires only the physical process of 
convection.5 This convective O2 transport from 
pulmonary to systemic capillaries is the func-
tion of the distributive circulation—the heart, 
aorta, arteries, and arterioles. As in the lung, the 
main gas exchange region of the systemic circu-
lation resides in the nutrient or microcircula-
tion, where diffusion again emerges as the 
physical means of delivering O2 from capillary 
to mitochondria.11

In the blood, O2 is transported in bulk by 
two mechanisms: chemically bound to Hb and 
dissolved in the blood plasma. The special 
aspects of dissolved O2 are covered here in 
some detail because the principle serves as 

1/DL

1/DM

1/Vc

1/DL = 1/   x 1/Vc + 1/DM

Slope = 1/FIGURE 8.6 THE COMPONENTS OF 
THE DIFFUSION CAPACITY (DL) OF 
THE LUNG. To express DL in a linear form, 
a double reciprocal is used for the X-Y plot. 
The capillary hemoglobin concentration is 
pulmonary capillary hemoglobin volume (Vc), 
and the rate constant for the O2-hemoglobin 
binding reaction is �. The graph indicates the 
dependence of DL on Vc.
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FIGURE 8.7 THE O2 CASCADE. O2 is 
transported down a concentration gradient 
from the atmosphere to the mitochondrion. 
The height of the bars indicates the normal 
partial pressure of oxygen (PO2) operating 
range in each compartment. Mitochondrial 
PO2 must be less than 1 mm Hg for O2 to 
be limiting.
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the cornerstone of hyperbaric oxygen therapy 
(HBOT).12 However, it is important to remem-
ber that the size and high O2 requirements of 
even the smallest mammal thwart dissolved O2 
and simple diffusion as reliable means of DO2 
to tissue.1 Therefore, all mammals and most 
vertebrates depend on a carrier protein, such 
as Hb, to supply enough O2 to the tissues to 
support aerobic metabolism.

The basal or resting rate of aerobic metabo-
lism in the normal adult—the V̇O2 consumption 
or V̇O2—is approximately 3 mL O2 per minute 
per kilogram body weight. Thus, the average-
sized adult man consumes about 250 mL O2 
per minute.8 Simply put, V̇O2 is the sum of the 
O2 utilization of each of the tissues and 
organs of the whole body. About 90% of this 
O2 is used by the terminal mitochondrial elec-
tron acceptor, cytochrome c oxidase, which 
irreversibly reduces it to water.2 The remaining 
10% is consumed by other O2-requiring en-
zymes (�8%) and by the incomplete reduction 
of O2 to reactive oxygen species (1–2%).

For each 100 mL of molecular O2 consumed 
by aerobic metabolism, 70 to 100 mL CO2 are 
produced, depending on the type of substrate 
being oxidized. This means the ratio of CO2 pro-
duction to O2 consumption, called the respira-
tory quotient, varies from 0.7 (protein) to 
1.0 (carbohydrate) with an average value of 0.8. 
It also means that a basal V̇O2 of 250 mL/min will 
produce 200 mL CO2.

The time-averaged V̇O2 of the body was 
used by Fick to perform the fi rst computa-
tions of mean cardiac output (Q̇T) from the 
principle of conservation of mass:

Q̇T � V̇O2/[CaO2
 � Cv-O2

]

where CaO2
 and Cv-O2

 are the arterial and 
mixed venous O2 contents, respectively.

The blood O2 content on each side of the 
circulation is the sum of the amount of O2 
bound chemically to Hb plus that carried in 
dissolved form in the plasma. Fick’s original 
equation, however, is now usually written as:

V̇O2 � Q̇T [CaO2
 � Cv-O2

]

The product of Q̇T � CaO2
 is called the O2 

delivery (DO2), and the quantity CaO2
 � Cv-O2

 is 
the arteriovenous oxygen content difference 

(AVDO2
), which at rest is normally 5 mL/dL or 

about one fourth of the DO2.8 Therefore, the 
normal O2 extraction ratio (OER) at rest is 
about 0.25.

The reference Hb concentration in the blood 
is �15 g/dL, and its O2 carrying capacity is 
normally �1.34 mL O2 per gram.* The amount 
of O2 carried by Hb is the product of its con-
centration [Hb] times the O2 capacity times the 
O2 saturation (SO2). Therefore, excluding dis-
solved O2, fully saturated arterial blood has a 
CaO2

 about 20.1 mL O2 per deciliter.
Hb forms a tetramer of two � and two 

	 chains inside the erythrocyte that reversibly 
and cooperatively binds four O2 molecules.4 
Cooperative O2 binding is responsible for the 
familiar sigmoid shape of the Hb O2 dissocia-
tion curve, which relates O2 saturation to 
blood PO2 (Fig. 8.8). The sigmoid shape of the 
O2 dissociation curve facilitates O2 loading at 
high PO2 (fl at part of the curve) and O2 
unloading at low PO2 (steep part of the curve). 
In addition, the position of the O2 dissociation 
curve can be shifted to the left or right with 
respect to PO2 by physiologic factors, such as 
changes in pH, as indicated in Figure 8.8. 
A shift of the curve to the left increases the 
O2 affi nity of Hb, for example, with hyperven-
tilation, which increases the rate of O2 loading 
in the lungs. A shift of the curve to the right 
decreases the Hb O2 affi nity, for instance, dur-
ing metabolic acidosis (Bohr effect), which 
facilitates O2 unloading in systemic capillaries. 
However, the position of the O2 dissociation 
curve does not affect the O2 carrying capacity 
of Hb. This can be changed only by interfering 
with the O2 binding properties of the mole-
cule. The position of the curve determines 
only the blood O2 content at a particular PO2.

The most important infl uence on the 
O2 capacity of the blood is a change in the 
Hb concentration. Increases in blood Hb 
concentration lead to polycythemia, which 
accompanies the response to hypoxemia, 
whereas decreases in Hb concentration are 
the hallmark of anemia. Polycythemia and 

*The value for the O2 capacity of hemoglobin (Hb) depends on 
how the measurement is made and varies from 1.34 to 1.39 mL/g. 
The traditional Huffner constant of 1.34 is used in this chapter.
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anemia most often develop slowly and for 
the purposes of this discussion are consid-
ered only at a normal blood volume—under 
isovolemic conditions. An acute loss of blood 
(hypovolemia) leads to a decrease in DO2 
from a decline in Q̇T, not a decrease in Hb 
concentration, which remains stable initially 
and until after compensation by fl uid reten-
tion or with volume resuscitation.

In general, appropriate polycythemia offsets 
the decrease in CaO2

 from hypoxemia, which 
under acute circumstances is compensated for 
primarily by an increase in cardiac output. 
Over the long term, polycythemia helps main-
tain a normal DO2 by allowing the resting 
Q̇T to recover toward normal, whereas V̇O2 
remains stable. Chronic anemia also increases 
cardiac output, but DO2 tends to decline slowly 
and steadily. Thus, the OER must increase to 
more than 0.25 to maintain normal V̇O2. In hu-
mans, isovolemic anemia to Hb concentrations 
of about one third of normal (to 5 g/dL) dou-
bles the Q̇T with an increase in OER from 0.25 
to about 0.33.13 The combination of low CaO2

 
and high OER means the mixed venous PO2 
decreases to less than 70%.

Interference with the O2 binding properties 
of Hb produces anemia-like effects, such as 
with the formation of methemoglobin or car-
boxyhemoglobin. These and other chemical or 
steric modifi cations of heme decrease the O2 
capacity of Hb and hence reduce the arterial O2 
content without affecting the circulating Hb 
concentration. The formation of carboxyhemo-

globin, even though it is reversible, decreases 
the O2 capacity of Hb in direct proportion to its 
concentration because CO avidly binds Hb at 
more than 200 times the affi nity of O2.

The main function of Hb in O2 transport 
can be illustrated by considering the only 
other mechanism for O2 carriage in the 
blood—in dissolved form. The amount of O2 
dissolved in the plasma follows Henry’s Law: It 
is proportional to the O2 partial pressure in 
the gas phase and the Bunsen solubility coef-
fi cient of plasma. The solubility of O2 in plasma 
at body temperature is only 0.0031 mL/mm 
Hg per 100 mL. Therefore, at sea level and a 
PaO2

 of 100 mm Hg, the amount of O2 in 
plasma is only 0.31 mL/dL.* Because O2 solu-
bility in plasma is so low, only about 2% of the 
O2 in arterial blood is transported as dissolved 
gas. To meet a basal V̇O2 of 250 mL/min 
(3 mL/kg/min) solely from dissolved O2, Q̇T 
would need to be �1 L/kg/min, or more than 
80 L/min. This is more than double the maxi-
mum Q̇T attainable at a normal Hb concentra-
tion with exercise at sea level.

Despite the limitations of delivering O2 in 
dissolved form, once Hb is saturated, O2 
breathing can only increase blood O2 content 
by increasing the amount of O2 dissolved in 
plasma. At a PaO2

 of 100 mm Hg or more, the 
heme O2 binding sites of Hb are occupied, 
and the arterial O2 content, for instance, under 

*Units of milliliters per deciliter (mL/dL) are sometimes expressed in 
the clinical literature as volumes percent or vol%.
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hyperbaric conditions, increases in direct pro-
portion to PO2 (Fig. 8.9). For the normal lung, 
the PO2 increases by 600 to 700 mm Hg and 
CaO2

 by about 2 mL/dL for each atmosphere 
absolute of HBO. Because the body normally 
extracts about 5 mL/dL O2 per minute, enough 
O2 can be extracted from plasma at 3 ATA to 
meet metabolic needs. This principle was fi rst 
demonstrated in 1959 by Boerema, who ob-
served that laboratory animals could survive 
in the hyperbaric chamber at 3 ATA sans Hb 
and solely on dissolved O2 in plasma.14 These 
experiments provided the impetus for many 
of the early studies on clinical HBOT.

Three important principles of tissue oxy-
genation must be considered before review-
ing how O2 behaves in the microcirculation. 
The fi rst is that each tissue normally sets its 
own rate of aerobic metabolism (V̇O2). This 
fact accounts for the organ-specifi c range of 
values in the human body found for blood 
fl ow, capillary density, and O2 extraction. 
A corollary is that the O2 supply is normally 
not limiting; in other words, supplemental 
O2 administration does not increase the rate 
of O2 uptake. Even for maximal exercise, it 
has been a challenge to show an appreciable 
benefi t of extra O2 on performance that 
would demonstrate a critical limitation in the 
O2 supply.15,16

The second principle is that because the 
normal arterial O2 saturation is so high (�98%), 
an organ can meet an increased oxygen require-
ment in only two ways—either by increasing 

DO2 or by increasing O2 extraction. The former 
is usually done by increasing Q̇T (or local blood 
fl ow) and the latter by increasing the OER. To 
achieve maximal rates of O2 consumption, tis-
sues use both mechanisms.11 Moreover, the 
reserves in the system are considerable. For 
instance, during maximal exercise, Q̇T can 
increase sixfold and OER threefold.

The third principle is the recognition of a 
well-defi ned hierarchy for the distribution of 
blood fl ow, which is determined by O2 avail-
ability and metabolic precedence of the vari-
ous tissues or organs.5 In general, blood fl ow 
through the distributive circulation is regu-
lated by sympathetic constrictor tone and 
local factors, whereas vessels in the microcir-
culation are regulated primarily by local meta-
bolic dilators. These regulatory systems are 
arranged and balanced to match DO2 opti-
mally with demand (O2) throughout the body 
over a range of physiologic conditions.

The relation between DO2 and V̇O2 previ-
ously received a great deal of attention clinically 
because of evidence that some diseases, such as 
severe sepsis, may exhibit an abnormal depen-
dence of V̇O2 on DO2.17–20 Normally, O2 is inde-
pendent of DO2 until after the blood fl ow and 
OER reserves are fully enlisted. For instance, 
during hemorrhage, Q̇T, and hence DO2, decline 
progressively, but V̇O2 is preserved until DO2 
is less than �6 mL/kg (or 400–500 mL/dL). 
Once this critical threshold is crossed, V̇O2 
becomes dependent on DO2. An optimal V̇O2 
can no longer be maintained because neither 
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Q̇T nor OER can be increased further. This prin-
ciple is illustrated graphically in Figure 8.10.

In diseases that involve severe microcircu-
latory dysfunction and multiple organ failure, 
the critical threshold for the dependence of 
V̇O2 on DO2 may increase into the reference 
range of physiologic blood fl ow regulation 
and O2 extraction (see Fig. 8.10). This is called 
pathologic O2 supply dependency because it 
deviates from the normal lines of specifi c 
OERs. In some cases, V̇O2 supply dependency 
has turned out to be a mathematic artifact, 
whereas in others, the observations appear to 
be correct. The fi nding implies a widening of 
the mean intercapillary distance or a compro-
mise in the ability of mitochondria to extract 
O2, or both. In any event, attempts to prevent 
organ failure and improve survival in severe 
sepsis by intentionally driving up DO2 with 
blood transfusions or inotropic agents have 
been unsuccessful.

SYSTEMIC MICROCIRCULATION 
AND TISSUE GAS EXCHANGE

The purpose of the systemic microcirculation 
is to provide a large area for the transfer of 
nutrients to and removal of waste products 
from the cells. This function includes, fi rst and 
foremost, the exchange of O2 and CO2. The 
microcirculation is organized anatomically 
according to the special characteristics of 
each tissue or organ, but in general terms, the 
system is composed of arterioles—vessels of 
20 �m or less in internal diameter—as well as 
the terminal arterioles (metarterioles) and 
capillaries.5 Capillary density varies among 
tissues, but usually, depending on the tissue 

type, a cell is no more than 30 to 60 �m away 
from a capillary.21 However, capillaries are 
also rarely perfused continuously; they open 
and close periodically, for instance, under the 
control of precapillary sphincters, most nota-
bly in relation to local O2 concentration.22 
Thus, at high rates of O2 consumption, as PO2 
decreases, the capillaries tend to remain open 
longer, whereas at low rates of O2 consump-
tion, the capillaries may be closed much of 
the time. Moreover, the extraction of O2 along 
the length of the capillary means that PO2 is 
naturally higher at the arteriolar than at the 
venule end. It is also observed that the rela-
tively sharp branching angles of different-
sized vessels in the microcirculation cause 
plasma skimming to the smaller vessel. Thus, 
the microvascular hematocrit routinely de-
clines to less than that in the central vessels 
by as much as a third.

If one picks a point on a capillary and makes 
a perpendicular slice through the tissue, as the 
distance away from the center of the capillary 
increases, the PO2 decreases because of O2 
utilization by mitochondria. Plasma O2 is con-
sumed fi rst, allowing O2 to diffuse across the 
erythrocyte membrane, through the plasma 
layer, through the endothelial cell barrier, and 
across the cell membrane before it reaches the 
mitochondria. The main resistance (R) to O2 
diffusion is across the red blood cell membrane 
and the vascular walls of terminal arterioles 
and capillaries. Little resistance occurs at the 
plasma membrane or across mitochondrial 
membranes. These resistances can be summed 
and expressed as the reciprocal 1/R, or the 
conductance (G) of O2 from capillary to 
the mitochondrion.11 The concept is shown 
in Figure 8.11.

250

200

100

50

0
0 500 1000 1500

O2 delivery (DO2 mL/dL)

O
2 

co
ns

um
pt

io
n

(V�
O

2 
m

L/
m

in
)

“Pathologic”

“Normal”

FIGURE 8.10 NORMAL AND 
PATHOLOGIC RELATIONSHIPS 
BETWEEN OXYGEN DELIVERY (DO2) 
AND CONSUMPTION (V̇O2). Notice that 
normally VO2 is independent of DO2 until 
low values for O2 delivery are reached. Under 
some pathologic conditions, such as severe 
sepsis, the curve can be shifted to the 
right and the distinction between the O2 
delivery-independent and -dependent parts 
of the curve becomes less distinct.

              



CHAPTER 8 Pulmonary Gas Exchange, Oxygen Transport, and Tissue Oxygenation 145

Because of the multiple effects mentioned 
earlier, the PO2 in tissues is quite variable. Tissue 
PO2 measurements, for example, using platinum 
microelectrodes, are also diffi cult to perform 
accurately and may be even harder to interpret. 
Even a single relatively homogeneous tissue 
shows considerable spatial PO2 heterogeneity, 
which can be seen by plotting the measure-
ments as a function of their frequency.23 Thus, 
a PO2 histogram emerges from which the me-
dian and scatter provide an estimate of the O2 
dispersion in the tissue. Sample PO2 histograms 
of the beating guinea pig heart during air and 
O2 breathing are shown in Figure 8.12. The his-
tograms illustrate the effect of O2 breathing 
on increasing the median and the dispersion of 
PO2 in the healthy heart. The pattern is similar 
among tissues exposed to HBO, although the 
histograms are shifted even further to the right.

Predictions of tissue PO2 from model calcula-
tions are also diffi cult to interpret and some-
times confl ict with experimental measurements. 
However, since the development of the original 
cylinder model of Krogh and Erlang for skeletal 
muscle, models of tissue O2 distribution have 
proved instructive for understanding tissue 
oxygenation.24 The Krogh–Erlang model makes 

use of one or more parallel cylinders of highly 
organized and homogeneous (ideal) tissue, each 
surrounding a central uniform capillary of 
known length (L) that can be used to calculate 
the radius (r) of the PO2 distribution based on 
diffusion (Fig. 8.13).

The cylinder model is quite simple com-
pared with the morphology of even an ele-
mentary capillary network, yet it is highly 
informative. Most notably, it emphasizes how 
diffusion limits the movement of O2 from 
capillary to tissues, especially at the venous 
ends of capillaries. In O2 insuffi ciency, hypoxia 
emerges fi rst at the venous end—the so-called 
lethal corner. Interestingly, living tissues recog-
nize this problem and capillary density tends 
to be greatest far away from the terminal 
arterioles.1 Thus, the microcirculation is not 
arranged anatomically as parallel cylinders.

The cylinder model does predict correctly 
the more stringent geometric limits of diffu-
sion at high metabolic rates, as well as the 
appearance of longer distances for O2 diffusion 
when PO2 is high at the capillary entrance (see 
Fig. 8.13). However, the model overestimates 
O2 extraction in the capillary, which can be 
corrected by building in a precapillary O2 
shunt from arteriole to venule. The presence 
of a small arteriovenous shunt provides for 
suitable estimates of venous O2 saturations in 
the model, and experimentally, their presence 
has been seen in a number of living tissues.

As already noted, there are conditions, 
especially in disease states such as hemorrhage 
or ischemia, in which O2 uptake is limited by 
local DO2 and not by diffusion. Not surprisingly, 
diffusion models do not fi t such perfusion-
limited conditions well, even for models that 
allow different numbers, types, and distribu-
tions of capillaries. The variable and intermit-
tent rate of capillary blood fl ow observed in 
vivo is also particularly diffi cult to model, and 
there are still signifi cant gaps in our understand-
ing of microcirculatory function in disease.

The diffusion models are also informative for 
understanding the effects of HBOT on living 
tissue, especially because direct PO2 measure-
ments are technically diffi cult to make in the 
chamber, even experimentally. In the 1960s, 
C. J. Lambertsen measured the arteriovenous O2 
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Mo2(Y) = G(Y)[Po2(A) – Po2(B)]

FIGURE 8.11 SLAB DIFFUSION MODEL FOR O2. M is 
the mass transport of oxygen across the slab labeled Y; G is 
the conductance (1/D) of Y where D is the diffusion constant 
for O2 (muscle �1.3 � 10�12 mol cm�1 min�1 mm Hg�1).
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difference in the cerebral circulation in healthy 
human subjects and found that even at inspired 
PO2 of up to 3.5 ATA, jugular venous PO2 rarely 
exceeded 60 mm Hg (Fig. 8.14).25 Such profi les 
indicating high PO2 differences across organ 
vascular beds are typically caused by the low 
plasma O2 solubility and by O2-induced vaso-
constriction. However, the mean capillary PO2 
predicted at 3.5 ATA approached 900 mm Hg, 
an estimate later confi rmed experimentally in 
animals by brain tissue PO2 measurements. 
Placing these observations into the context of 
the cylinder model, the fact that HBO arterial-

izes the venous blood means that the radius of 
diffusion for O2 into tissue at the venous end of 
the capillary has been increased to approxi-
mately the same level as that of a normal arteri-
ole.12 This concept is shown in Figure 8.15. 
Figure 8.15 also demonstrates that the tremen-
dously high values of PaO2

 found under hyper-
baric conditions make HBO an exception to the 
normal rule that partial oxygen pressure in 
mixed venous blood (PvO2

) is a good estimate 
of mean capillary PO2.21

The idea that HBO expands the effective 
radius of O2 diffusion in the capillary is useful 
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for understanding its therapeutic role in 
relieving tissue hypoxia when local DO2 is 
impaired or when the mean intercapillary 
distance is increased, for instance, by micro-
circulatory smooth muscle dysfunction or in 
the presence of capillary damage or destruc-
tion. The latter processes contribute to disor-
dered microcirculatory function in diabetes 
and in radiated tissues. The concept of an 

expanded diffusion radius is also useful to 
help explain the benefi cial effect of HBOT in 
interstitial edema, which, in effect, increases 
the mean intercapillary distance.26 These prin-
ciples are illustrated by Figure 8.16.

It should also be remembered that the 
maximum O2 diffusion distances in tissues 
are intrinsically short—on the order of a few 
hundred micrometers—and that the concepts 
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of tissue PO2 discussed earlier do not account 
for the opposing tendencies by HBOT to 
suppress Q̇T and constrict blood vessels. 
Nevertheless, HBOT clearly improves the 
oxygenation of both healthy and diseased tis-
sues provided convective DO2 is adequately 
maintained in the distributive circulation.

Based on the earlier information and before 
describing organ-specifi c effects of HBOT, it is 
helpful to summarize the main physiologic 
factors that infl uence PO2 in tissues and their 
qualitative effects. These factors are listed in 
Table 8.1. For ease of understanding, Table 8.1 
indicates only the independent role of each 
factor because the effects of combinations are 
diffi cult to predict, especially when the com-
bined changes counteract each other. Note, 
however, that HBOT increases tissue PO2 
despite O2-induced vasoconstriction under 
most of the listed conditions.

ORGAN-SPECIFIC CIRCULATORY 
EFFECTS OF HYPERBARIC OXYGEN

The organ-specifi c circulatory effects of 
HBO depend on factors related to differ-
ences in vascular supply and microcircula-
tory architecture, such as capillary length 
and density, as well as the metabolic rate. 
There are also variable contributions of the 
autonomic hierarchy of nervous system con-
trol over the distributive circulation that 
protects critical microvascular beds from 

hypoxia, for instance, the coronary and cere-
bral circulations, at the expense of blood 
fl ow to the less critical cutaneous and 
splanchnic beds.5 Similarly, there are regional 
differences in the degree of O2-induced 
vasoconstriction, although the importance 
of central autonomic regulatory factors is 
not as well understood. These differences 
are summarized in Table 8.2.27–33

O2 induces vasoconstriction most profoundly 
in the vessels of the brain, retina, and skeletal 
muscle. The renal vessels also contract in hyper-
oxia, but hepatic circulatory responses are not 
robust, presumably because the contribution of 
blood fl ow from the low PO2 portal circulation 
does not allow tissue PO2 to increase under 
HBOT, as well as in other organs. Skin blood ves-
sels also constrict in HBOT, but cutaneous 
blood fl ow responses to HBOT are diffi cult to 
quantify precisely because skin blood fl ow is so 
sensitive to changes in skin temperature and 
circulating blood volume. The cardiac responses 
are discussed later in this chapter. The respira-
tory muscles actually develop increased blood 
fl ow because of accentuated respiratory work 
from the higher breathing gas density. Never-
theless, as a general rule, O2 induces smooth 
muscle contraction in almost all vascular beds, 
in muscularized vessels of varying diameters 
and lengths, and on both the arterial and 
venous sides of the circulation.

The notion that O2-induced vasoconstric-
tion decreases DO2 and produces hypoxia 
in some vascular beds is not supported by 
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theory or observation.34 In fact, there are con-
ditions for which O2-induced vasoconstriction 
is desirable, for instance, to reduce edema. This 
effect may be important in the treatment of 
brain injuries caused by CO poisoning or arte-
rial gas embolism, decompression sickness 
involving the spinal cord, and peripherally in 

the treatment of crush injuries. It has already 
been noted that the presence of edema 
increases the mean intercapillary distance and 
would, therefore, worsen tissue hypoxia in 
these circumstances.26

As mentioned earlier, O2-induced vasocon-
striction is the result of an increase in tissue 

Table 8.1 Factors That Infl uence the Partial Pressure of Oxygen in Tissues

FACTOR DIRECTION
EFFECT ON 
TISSUE PO2

EFFECT OF HBO 
ON PO2

Pulmonary shunt Low*
High (hypoxemia)

     —
Decrease†

Increase
Increase‡

Hematocrit Increase
Decrease (anemia)

Increase§

Decrease
Increase
Increase

Position of ODC Left shift
Right shift (Bohr effect)

Decrease�

Increase
Increase
Increase

Metabolic rate High
Low

Decrease
Increase

Increase
Increase

Blood fl ow High
Low (oligemia or ischemia)

Increase
Decrease

Increase
No effect or increase

Capillary transit time Short
Long

Decrease¶

Decrease**
Increase
No effect or increase

Heterogeneity of perfusion High
Low

Decrease
Increase

Increase
Increase

Oxygen shunting High
Low

Decrease
    —

Small increase
Increase

*Low pulmonary and peripheral shunts for O2 are normal conditions.
†Hypoxemia from low alveolar ventilation/perfusion ratio (V̇A/Q̇) or hypoventilation will also decrease tissue partial pressure of oxygen (PO2).
‡Hyperbaric oxygen (HBO) will increase PO2 in the presence of pulmonary shunt through its effects on areas of low V̇A/Q̇, hypoventilation, or normal lung.
§Up to the point where blood viscosity begins to interfere with perfusion; hematocrit 
 55%.
�For normoxia only; in extreme hypoxemia, a left-shifted O2 dissociation curve (ODC) actually helps O2 loading in the lungs and may help maintain tissue PO2.
¶An overly rapid capillary transit time may not allow enough time for O2 unloading from hemoglobin. This is also the equivalent of peripheral O2 shunting. 

A slow transit time is the equivalent of ischemia.
**This is also sometimes called stagnant hypoxia.

Table 8.2 O2-Induced Vasoconstriction in Different Vascular Beds

TISSUE RESPONSE NOTES

Brain ���� At high partial pressure of oxygen (PO2), the cerebral circulation 
“escapes” and blood fl ow increases before the onset of central 
nervous system O2 toxicity

Retina ����

Skeletal muscle ��

Kidneys ��

Skin � Blood fl ow is more sensitive to temperature and blood volume
Intestines �

Liver � Contribution from low PO2 in portal venous system likely interferes 
with O2-induced vasoconstriction

Heart �� Blood fl ow decreases in proportion to decline in cardiac output 
and myocardial O2 consumption

Respiratory muscles Increased blood fl ow Higher respiratory work from increased breathing gas density
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PO2, and physiologic events that reduce the 
tissue PO2, such as an increase in metabolism, 
lead to increases in DO2 through increases in 
local blood fl ow, specifi cally by vasodilation 
and capillary recruitment. Thus, a worst-case 
analysis predicts no change in tissue PO2 dur-
ing hyperoxic vasoconstriction, even in a 
hypoxic or ischemic tissue, because of the 
endogenous dilator mechanisms that oppose 
the O2 constrictor effect. Experimentally, this 
is what is observed; DO2 is usually increased 
(or unchanged) by HBOT, and no convincing 
examples exist for O2-induced tissue hy-
poxia.34 Indeed, O2-induced vasoconstriction 
is quite diffi cult to observe in tissues with 
compromised microcirculations. Moreover, 
in the extremities, the extent of the increase 
in transcutaneous PO2 during O2 breathing 
has been found to be a positive predictor 
of wound healing.35

One possible exception to the principle 
that HBOT increases tissue PO2 is the propen-
sity of HBOT to increase cardiac afterload in 
patients with congestive heart failure. In this 
condition, HBOT increases the systemic vas-
cular resistance and can place an additional 
and sometimes dangerous demand on the 
heart. In a failing heart, such a demand can 
compromise Q̇T and increase left atrial pres-
sure enough to precipitate pulmonary edema 
and impair pulmonary gas exchange. Either or 
both problems can compromise DO2. In con-
trast, an ischemic heart may improve its ejec-
tion fraction temporarily under hyperbaric 
oxygenation with an attendant improvement 
in DO2. Both salutary and adverse types of 
cardiac events have been reported clinically.

Indeed, the most prominent physiologic cir-
culatory effect of HBOT appears to be on the 
heart and manifests as bradycardia with a small 
decrease in Q̇T that is closely proportional to 
the decline in heart rate.27,31 The decrease in Q̇T 
is refl ected by appropriate decreases in coro-
nary blood fl ow and myocardial O2 uptake. It is 
unclear whether HBOT has a signifi cant effect 
on stroke volume. These effects of HBO are also 
observed during exercise. The mechanism of 
bradycardia is not fully understood, but direct 
actions of HBO on the cardiac conduction sys-
tem and parasympathetic effects of HBO may 

both be involved.36 In any case, hyperbaric bra-
dycardia is a physiologic response and not a 
harbinger of O2 toxicity.

It is necessary to emphasize the importance 
of regional blood fl ow in setting the tissue PO2 
levels under hyperbaric conditions. Experimen-
tally, the rate of delivery of dissolved O2 is 
related linearly to regional blood fl ow under a 
range of hyperbaric conditions from at least 2 to 
6 ATA (Fig. 8.17). Conversely, preexisting com-
promise of local blood fl ow will prevent the 
appropriate increase in the tissue PO2 at a par-
ticular treatment pressure. In fact, the relief of 
O2-induced vasoconstriction using acetylcho-
line or other vasodilators will substantially 
increase tissue PO2 in the healthy brain.37 Also of 
particular interest for the brain are observations 
that at high PO2, it eventually escapes the effects 
of O2-induced vasoconstriction by increasing 
its nitric oxide (·NO) production, which pro-
duces the vasodilation that presages the devel-
opment of central nervous system O2 toxicity.

The mechanism of O2-induced vasocon-
striction is not yet fully understood. Most 
investigators agree that O2 primarily has an 
indirect instead of a direct action on vascular 
smooth muscle, and secondary mediators of 
the constrictor effect have been implicated 
for a long time.22,38 A range of candidates have 
been investigated, but the most impressive 
effects are those related to the endogenous 
vasodilator, ·NO.39 Although molecular O2 to-
gether with L-arginine is a substrate for the 
·NO synthases, HBO, at least initially, antago-
nizes the effects of ·NO on vascular tone. This 
effect is due, in part, to the loss of ·NO aug-
mentation of the classical guanylate cyclase 
mechanism of smooth muscle relaxation.

·NO produced by the endothelium can be 
scavenged by reacting with locally produced 
superoxide (·O2

�) to form the peroxynitrite 
anion (ONOO�).40 ONOO� is a weak vasodila-
tor compared with ·NO, as well as a strong 
oxidant. At acidic pH, ONOO� decomposes 
spontaneously to peroxynitrous acid and a 
hydroxyl-like species, which react rapidly 
with biologic macromolecules. The rate of 
production of vascular extracellular superox-
ide increases as PO2 increases, which pro-
motes the paracrine loss of vasorelaxation by 
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·NO.33 Furthermore, it is important to men-
tion that the erythrocyte itself releases vasodi-
lators, including ·NO and ATP. Minute amounts 
of erythrocyte ·NO are disbursed synchro-
nously with the allosteric release of O2 from 
Hb, which serves to relax the smooth muscle 
and augment local blood fl ow.41 This effect 
is lost under HBOT conditions when Hb 
allostery is no longer brought into play.42

CELLULAR O2 UTILIZATION

The bulk of the O2 taken up by the cell is con-
sumed by mitochondria during the process of 
respiration. Respiration allows cells to con-
sume O2 to conserve energy in the form of 
high-energy phosphates from the oxidation of 
foodstuffs, primarily as ATP.2 Energy from 
substrates—carbohydrates, fats, and proteins—
is liberated by a sequence of metabolic reac-
tions, which for glucose begins in the cyto-
plasm with glycolysis. Oxidative metabolism is 

far more effi cient than glycolysis for ATP pro-
duction, but it depends primarily on the glyco-
lytic end product, pyruvate, which feeds car-
bon into the citric acid (Krebs) cycle in the 
mitochondrial matrix. The Krebs cycle gener-
ates CO2 and reduced dinucleotides, nicotin-
amide adenine dinucleotide (NADH), and fl a-
vin adenine dinucleotide (FADH2). These 
reduced nucleotides are reoxidized by the 
action of the mitochondrial electron transport 
(respiratory) chain, and part of the free energy 
released is conserved by the process of oxida-
tive phosphorylation.

Oxidative phosphorylation couples the trans-
fer of electrons entering the respiratory chain 
from the Krebs cycle as NADH and FADH2 to 
ATP synthesis. ATP is the source of energy for 
almost all of the cell’s needs, and its hydrolysis 
produces primarily adenosine diphosphate and 
inorganic phosphate, which are then taken 
up by the mitochondria to regenerate ATP. This 
process of synthesis, hydrolysis, and resynthesis 
of ATP is called the ATP cycle (Fig. 8.18).
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FIGURE 8.17 EFFECT OF CEREBRAL 
BLOOD FLOW ON BRAIN TISSUE PARTIAL 
PRESSURE OF OXYGEN (PO2) UNDER 
HYPERBARIC CONDITIONS IN THE RAT. 
(Data adapted from Demchenko IT, Luchakov YI, 
Moskvin AN, et al: Cerebral blood fl ow and brain 
oxygenation while breathing oxygen under pres-
sure. J Cereb Blood Flow Metab 25:1288–1300, 
2005.)
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For the reactions of the ATP cycle to oper-
ate, the cell must constantly receive both 
glucose and O2. Also, the supply of O2 for 
respiration must not be appropriated by other 
O2-consuming cellular reactions, including 
O2-requiring enzymes and nonspecifi c bio-
logic oxidations. This is accomplished in de-
sign by prioritization of O2-handling and O2-
consuming reactions, as well as by utilization 
of the antioxidant defenses. Some antioxidant 
enzymes, such as the superoxide dismutases, 
generate hydrogen peroxide (H2O2), whereas 
others, such as catalase and glutathione per-
oxidase, convert H2O2 to water and molecular 
O2; thus, a small quantity of O2 is recovered for 
use by cell metabolism.43

The central strategy of the cell to protect its 
metabolic O2 supply is the establishment of an 
O2 sink that culminates in the activity of the 
terminal oxidase of the respiratory chain, cyto-
chrome c oxidase, which irreversibly catalyzes 
the reduction of O2 to water.44 The establish-
ment of this sink is illustrated in Figure 8.19, 
using Hb and myoglobin as O2 carrier proteins. 
Although myoglobin participates in cellular O2 
handling, it is not obligatory, even in the work-
ing heart, and other O2 carriers can be found 
in cells, such as neuroglobin and cytoglobin. 
These and perhaps related proteins may be 
involved in long-sought pathways for facili-
tated diffusion that preferentially “channel” O2 
to mitochondria.45,46 In addition, cytochrome c 

Glycolysis

pyruvate Lactate

Creatine

Krebs cycle

NADH + H+ + 1/2 H2O Nad+ + H2O

Electron Transport

Oxidative 
Phosphorylation

Mitochondrion Cytoplasm

ADP3- + Pi2- + H+ ATP4- + H2O

Cellular Energy
 Utilization

PCR + ADP3- + H+ 

FIGURE 8.18 THE ADENOSINE 
TRIPHOSPHATE (ATP) CYCLE. The 
generation of ATP by oxidative phosphorylation 
in mitochondria is far more effi cient than 
glycolysis; however, the end product of glycoly-
sis, pyruvate, supplies most of the carbon 
substrate for oxidative phosphorylation. The in-
ability of pyruvate to enter the Krebs cycle, for 
example, during cellular hypoxia, results in the 
accumulation of lactate. ADP, adenosine 
diphosphate; PCR, polymerase chain reaction; 
Pi, inorganic phosphate.
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FIGURE 8.19 GENERATION OF A CELLULAR SINK FOR THE UTILIZATION OF MOLECULAR 
OXYGEN BY MITOCHONDRIA IN TISSUES. Cyt, cytochrome; Hb, hemoglobin; Mb, myoglobin. (Adapted 
from Tamura M, Hazuki O, Nioka S, et al: In vivo study of tissue oxygen metabolism using optical and nuclear mag-
netic resonance spectroscopies. Annu Rev Physiol 51:813–834, 1989, by permission.)
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oxidase has the highest O2 affi nity of any 
vertebrate enzyme, giving it a privileged place 
among all of the processes that use O2 in the 
cell. This principle is illustrated in Figure 8.20.

Molecular O2 is only one of several controls 
on the rate of respiration of the cell, and as 
pointed out earlier, it is generally not rate limit-
ing. The single-most important regulatory factor 
is the adenosine diphosphate concentration, 
which directly refl ects the rate of energy utiliza-
tion by the cell.44 Two other important factors 
are the source of electrons (e.g., NADH) and the 
availability of inorganic phosphate. All four fac-
tors produce the overall rate constant for oxida-
tive metabolism as shown by Figure 8.21. 
However, notably, the regulation of respiration 
is not quite so simple because the concentra-
tions of adenosine diphosphate and ATP are 
themselves regulated parameters.

CARBON DIOXIDE ELIMINATION

The metabolic production of CO2 derives 
primarily from the reactions of the Krebs cy-
cle in the mitochondria. In the process, the 
three-carbon pyruvate molecule is broken 
down into three molecules of CO2 and fi ve 
molecules of NADH. NADH is reoxidized to 
NAD� during the reduction of O2 by the 

respiratory chain, and the CO2 is excreted by 
the cell, carried in the venous blood to the 
pulmonary capillaries, and eliminated by lung 
ventilation.47 CO2 is highly lipid soluble and 
diffuses rapidly down its concentration gradi-
ent from the mitochondria across the cell 
membrane and into the blood, where it is 
transported to the lungs. Lung capillary PCO2 
is normally greater than PACO2

, and the alveo-
lar ventilation establishes a dynamic equilib-
rium in which 8% to 10% of the CO2 in the 
venous blood is removed by its passage 
through the lungs.48

CO2 entering the blood is transported in 
three ways, as shown in Table 8.3.6 Most of the 
CO2 in the blood is present as bicarbonate 
anion (HCO3

�) formed by the hydration of 
CO2 by carbonic anhydrase found in high con-
centrations in the erythrocyte. The enzyme 
reversibly catalyzes the fi rst of the following 
two reactions:

CO2 � H2O → H2CO2 → H� � HCO3
�

The catalytic hydration of CO2 occurs rapidly 
in the erythrocyte during its transit from sys-
temic capillary to the lungs. The reverse reac-
tion, the dehydration of H2CO2 to CO2 � H2O, 
also catalyzed by carbonic anhydrase, occurs in 
the erythrocyte during pulmonary CO2 elimi-
nation.47 This process is shown in Figure 8.22.

Enzyme KmO2
Monoamine oxidase 30
Nitric oxide synthase 18
Glucose oxidase 14
Heme oxygenase 10
Xanthine oxidase 10
Tryptophan oxygenase 8
NADPH oxidase 5
Cytochrome c oxidase 0.1
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FIGURE 8.20 O2 CONCENTRATION FOR 
HALF-MAXIMUM ACTIVITY (KmO2) OF 
CELLULAR ENZYMES (measured in mm Hg). 
Km is inversely related to O2 affi nity (low Km � 
high affi nity). Cytochrome c oxidase has the 
highest O2 affi nity of any enzyme in the body, and 
O2 is not rate-limiting for cell respiration unless 
mitochondrial partial pressure of oxygen (PO2) is 
less than 1 mm Hg. VO2, oxygen consumption.

Overall reaction:

3ADP + 3Pi + NADH + 1/2O2  + 4H+     3ATP + NAD+ + 4H2O

Rate control

[ADP] + [Pi] + [NADH] + [O2]

Overall rate constant
V/Vmax = 1/k1/ADP + k2/Pi + k3/NADH + k4/O2

FIGURE 8.21 CONTROL OF CELL RESPIRATION. 
The overall reaction for oxidative phosphorylation shown 
in the fi rst reaction is regulated primarily by the concen-
trations of the four substrates and their respective rate 
constants.
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CO2 is also transported in the blood in 
dissolved form and as carbamate compounds on 
blood proteins, primarily Hb. The solubility of 
CO2 in blood is approximately 20 times greater 
than the solubility of O2. This high CO2 solubility, 
together with the other two transport mecha-
nisms, gives the CO2 content curve its exagger-
ated steepness relative to the oxygen content 
curve (Fig. 8.23). Although only 5% of the CO2 
in the blood is transported in dissolved form, 
this component is important in CO2 exchange 
because it links the bicarbonate and carbamate 
pools to each other. Moreover, the high capacity 
of the blood for CO2 allows large volumes of CO2 
to be eliminated by the lungs with relatively 
small changes in PCO2, thereby minimizing the 
impact of CO2 exchange on blood pH.48

CO2 and hydrogen ion (H�) reversibly bind 
to uncharged amino groups (R—NH2) in Hb and 
other proteins. H� addition produces ammo-
nium (R—NH3

�), whereas CO2 binding results 

in the formation of carbamates (R—NH COO�). 
Carbamates form only on unprotonated NH2 
groups; therefore, the carbamino reaction is pH 
dependent and increases with alkalosis. Carba-
mate formation is also infl uenced by the pK of 
the NH2 group and protein �-amino groups that 
are uncharged at physiologic pH and available 
to bind CO2. Nearly all of the blood carbamate 
formation involves the Hb molecule.48

Deoxyhemoglobin compared with oxyhe-
moglobin contains more unprotonated �-amino 
groups and binds more CO2 as carbamate. The 
difference is called the oxylabile carbamate 
and accounts for the Haldane effect, which is 
defi ned by the greater CO2 content at constant 
PCO2 of deoxygenated than oxygenated blood. 
When oxyhemoglobin releases O2 to the tis-
sues, deoxyhemoglobin becomes available to 
bind CO2, whereas in the lungs, oxygenation of 
deoxyhemoglobin facilitates the release of 
bound CO2. Hb therefore plays an important 

Table 8.3 Carriage of Carbon Dioxide in Venous Blood

Bicarbonate anion (87%)
Bicarbonate is generated by the reversible hydration of CO2 catalyzed by the carbonic anhydrase in erythrocytes
Contributes �58% of the arteriovenous CO2 difference
Carbamate compounds (8%)
CO2 reversibly binds nonionized terminal amino groups (—NH2) of blood proteins especially those of hemoglobin, which are not 
ionized at pH 7.40

Contributes �33% of the arteriovenous CO2 difference
Dissolved CO2 (5%)
Blood CO2 solubility is 0.067 mL/dL/mm Hg at 37�C and follows Henry’s Law
Contributes �9% of the arteriovenous CO2 difference

The carbon dioxide (CO2) content of blood is infl uenced by the hemoglobin concentration and saturation, 2,3-diphosphoglycerate concentration, and pH. 
Therefore, the estimates of the CO2 distribution in the blood are approximate. The estimates are for whole blood including the bicarbonate and dissolved 
CO2 inside the red blood cells.

RBC
Tissue

Plasma

Band 3

CO2         + H2O       H2CO3               CO2 + H2O                              Lungs

CA

H+ + HCO3
–

CO2                CO2

CI–                          HCO3
–

CA

FIGURE 8.22 CARBON DIOXIDE (CO2) 
TRANSPORT BY THE ERYTHROCYTE (red 
blood cell [RBC]). The RBC participates in 
the carriage of 95% of the metabolic CO2 to the 
lungs for excretion. CO2 is reversibly converted 
to bicarbonate by RBC carbonic anhydrase or 
stored as the carbamate on unprotonated 
amino groups of hemoglobin. As bicarbonate 
exits the RBC, chloride is exchanged through the 
Band 3 protein to maintain electroneutrality. The 
two processes are linked through dissolved CO2.
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role in CO2 exchange, and the Haldane effect 
produces about one fourth of the arteriove-
nous CO2 content difference.48

The infl uence of O2 on CO2 exchange is seen 
both in carbamate and bicarbonate exchange, 
and varies as a function of pH, PCO2, and the con-
centration of 2,3-diphosphoglycerate, an organic 
phosphate produced by glycolysis that also 
increases the oxygen half-saturation pressure of 
Hb (P50). The maximum pH effect on carbamate 
formation occurs in the physiologic range, and 
alkalosis increases the carbamate because of a 
shortage of protons. The pH sensitivity of CO2 
binding should not be confused with the Bohr 
effect, which describes the dependence of Hb 
O2 affi nity on pH.6 The absence of a Haldane ef-
fect would increase both CO2 tension in tissues 
and the arteriovenous PCO2 difference; however, 
CO2 exchange would still continue.

The implications of the Haldane effect on 
CO2 transport during HBOT administration can 
now be made clear. In the chamber, when ve-
nous Hb is nearly saturated with O2, it does not 
carry as much CO2 as carbamate, which causes 
the PvCO2

 to increase. This effect and the fall in 
cardiac output during HBOT produce a mild 
respiratory acidosis. The presence of respira-
tory acidosis stimulates resting ventilation, and 
arterial PCO2 tends to remain close to normal. 
Thus, standard HBOT in the range of 2 to 3 ATA 
is well tolerated in healthy subjects and by most 
patients; however, the increased respiratory 
drive in combination with an increase in breath-
ing gas density in proportion to atmospheric 
pressure increases the work of breathing. In the 
presence of obstructive lung disease, or during 
heavy exercise, this extra respiratory work may 
not be tolerated and may compromise pulmo-
nary ventilation and CO2 elimination, leading to 
a clinically signifi cant respiratory acidosis.

The partial pressures of CO2 in tissue and 
blood are also important in HBOT for two other 
reasons. First, low PaCO2

 tends to constrict sys-
temic blood vessels and may compromise blood 
fl ow to sites where it is desirable to augment 
DO2. This possibility, however, has not been 
studied well enough clinically to determine its 
importance, and it remains conjectural in part 
because the CO2 response is not the same in all 
vascular beds. Second, elevated PaCO2

 increases 

blood fl ow in the brain, which will increase 
central nervous system O2 toxicity and increase 
the risk for seizures. Substantial experimental 
support exists for this possibility in humans.

SUMMARY EFFECTS 
OF HYPERBARIC OXYGEN 
ON TISSUE OXYGENATION

The principal effect of HBOT in the therapeu-
tic range is to increase the PO2 in the tissues by 
means of dissolved O2 in blood plasma. In 
healthy individuals, other effects of HBOT 
include mild bradycardia, leading to a propor-
tional decline in Q̇T and a small increase in 
systemic vascular resistance from O2-induced 
vasoconstriction. O2 vasoconstriction increases 
smooth muscle tone in the medium to small 
vessels of the arterial and venous circulations, 
as well as in the microcirculation. This occurs, 
in part, because O2 opposes the paracrine 
effects of the endogenous vasodilator, ·NO.

An O2 constrictor response is observed in 
almost all vascular beds because tissue oxy-
genation is actively regulated. However, the 
extent of constriction varies from organ to 
organ, with the most pronounced effects on 
the cerebral and coronary circulations, which 
feed the tissues with the greatest basal aerobic 
metabolic requirements. The main exception 
is blood fl ow to the diaphragm and other re-
spiratory muscles, which must perform greater 
work because of the increased density of the 
breathing gas under hyperbaric conditions.

Although HBOT decreases microcirculatory 
blood fl ow in healthy tissues, the extra O2 dis-
solved in plasma is so great that the tissue PO2 
actually increases. The presence of additional 
O2 does not increase V̇O2 unless DO2 is below 
the critical threshold for O2 dependency of 
aerobic metabolism. In tissues with cellular 
hypoxia caused by compromised microcircula-
tions, HBOT does not cause signifi cant vaso-
constriction, and its administration usually 
allows temporary restoration of more normal 
PO2 values. This response, however, is contin-
gent on the maintenance of adequate convec-
tive DO2 at the arteriolar level.
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ISCHEMIA-REPERFUSION INJURY: 
HYPERBARIC OXYGEN AND BASIC 
STUDIES

Ischemia-Reperfusion Injury 
and Hyperbaric Oxygen: A Disease 
of Paradoxes

Ischemia-reperfusion (I/R) injury is defi ned 
as an acute interruption in blood fl ow with 
subsequent restoration of perfusion creating 
further tissue damage beyond that observed 
during the initial ischemic event. This worsen-
ing of tissue injury is unexpected, because one 
would likely predict that reperfusion of isch-
emic tissue would improve tissue survival 
rather than create further damage. Oxygen 
plays a central role in promoting I/R injury 
through the phenomenon of the “oxygen para-
dox,” as reperfusion of tissue with oxygenated 
blood greatly enhances subsequent tissue in-
jury as compared with deoxygenated blood 
(reviewed in Khalil and colleagues,1 Piper and 
coworkers,2 and Hallenbeck and Dutka3). This 
observation is counterintuitive to the logic that 
ischemic tissue will benefi t from restoration of 
oxygen supplies and oxidative phosphoryla-
tion for energy production. Further study sug-
gests that there is a second oxygen paradox, 
where extreme hyperoxygenation provided by 
hyperbaric oxygen (HBO) during reperfusion 
of ischemic tissue prevents subsequent injury 
(reviewed in Buras4). Reactive oxygen species 
(ROS) appear to represent the central mediator 
of both oxygen paradoxes, suggesting that 
there is a dose–response effect attributable 
to ROS, further solidifying the concept of oxy-
gen as a pharmacologic agent. This chapter 

discusses the pathophysiology of I/R injury 
and the role of oxygen in both generating I/R 
injury and ameliorating it when administered 
at extreme levels.

Ischemia-Reperfusion Injury: 
Pathophysiology Overview

The hallmark of I/R injury is extension 
of damage that occurs after reperfusion of 
ischemic tissue. I/R injury has been widely 
observed in experimental animal models and 
has also been well documented in the human 
clinical setting of myocardial infarction. Dur-
ing treatment of myocardial infarction, reper-
fusion by mechanical removal of occlusive 
coronary artery thrombus allows visible blood 
fl ow in large blood vessels. However, fl ow 
through the microvasculature remains inade-
quate, and myocardial function may remain 
impaired despite successful removal of the 
initial blockage.5,6 The continuation of myo-
cardial dysfunction and reperfusion injury has 
a signifi cant negative effect on clinical out-
come with respect to myocardial function 
and survival.6,7 The characteristic changes of 
I/R injury within the microvasculature in-
clude arteriolar vasoconstriction, capillary 
leakage and tissue edema, leukocyte adhesion 
and extravasation, oxidant production, and 
reduced energy production (Fig. 9.1).

I/R injury is initiated by an ischemic event, 
and ischemia, in turn, may be generated by an 
embolic insult, global hypoperfusion, or iso-
lated compression-crush syndrome. Hypoper-
fusion of tissue leads to a reduction in the 
delivery of metabolic substrates, oxygen and 
glucose, required for adenosine triphosphate 
(ATP) production. The reduction in ATP ulti-
mately leads to cell death via failure of energy-
dependent systems responsible for membrane 
integrity and maintenance of electrochemical 
membrane potentials. As energy levels de-
crease within the cell, cellular processes fail in 
a somewhat ordered progression dependent 
on their requirement for ATP. This progression 
may be reversible to some extent depending 
on the energy requirement for the cell and tis-
sue in question. The change in oxygen tension 
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in the cell may signal stress responses directly 
through oxygen-sensing processes.8,9 Also, the 
breakdown of ATP to adenosine may play a role 
in signaling the protective stress response to 
ischemia.10 Restoration of energy supplies may 
prevent complete tissue infarction in the isch-
emic zone; however, this also creates the envi-
ronment for reperfusion injury.

Tissue death that occurs by pure ischemia 
creates a distinct histologic appearance with 
diffuse pallor noted and preservation of tissue 
architecture within the ischemic zone on he-
matoxylin and eosin staining.11 Reperfusion-
mediated tissue death differs histologically, 
demonstrating disrupted cellular architecture 
and tissue architecture with notable edema 
and infi ltration of leukocytes, predominantly 
neutrophils (polymorphonuclear neutrophils 
[PMNs]). These histologic differences under-
score the different mechanisms of tissue in-
jury caused by isolated ischemia as compared 
with I/R injury.

Reactive Oxygen Species 
as Initiators and Propagators 
of Ischemia-Reperfusion Injury

Initiation of I/R injury may be traced to events 
that occur at the blood-endothelial cell (EC) 
interface. Central mediators of reperfusion 
injury are oxygen free radicals or ROS. ROS 
play a complex role in homeostasis and are 
normally generated during oxidative phos-
phorylation in mitochondria. Common ROS 
formed during metabolism are superoxide 

radical and hydrogen peroxide. ROS may be 
directly toxic to cells through their ability to 
cause membrane damage via lipid peroxida-
tion and phospholipase activation. ROS may 
also cause direct DNA and protein damage, 
further reducing the ability of the cell to 
generate an appropriate stress response to 
correct cellular dysfunction. Cells contain a 
number of antioxidant enzymes that are 
responsible for decreasing the intracellular 
ROS concentration. The antioxidant system 
includes superoxide dismutase, glutathione, 
several peroxidase enzymes, and catalase.1 
ROS may have a purpose beyond cellular dam-
age, as recent studies have suggested that ROS 
are involved in a variety of cellular signaling 
events.12,13 ROS may function as signaling 
molecules to activate stress-response path-
ways.12 The role of ROS in cellular homeosta-
sis is evolving and extends beyond their origi-
nal isolated role as mediators of cellular 
damage. However, it is well established that 
during reperfusion injury, generation of an 
excessive amount of ROS is deleterious to tis-
sues, causing loss of membrane integrity, 
increased levels of apoptosis, and enhanced 
recruitment of leukocytes to tissues (Fig. 9.2).

During I/R injury, there is a breakdown of 
the normal housekeeping defenses against ROS 
(Fig. 9.3). Excess production of ROS may di-
rectly damage the enzymes responsible for 
their clearance, resulting in an overall increase 
in cellular ROS content. These ROS are then free 
to react with other molecules such as nitric 
oxide (·NO) or lipid hydroxyl groups to form 
more potent or reactive molecules that may be 

Vasoconstriction

Fluid filtration

Albumin leakage

O2 exchange

Oxidant production

·NO production

Adhesion molecule expression

PMN-capillary plugging

PMN rolling, adherence, emigration

Arteriole capillary Venule

Figure 9.1 COMPONENTS OF 
MICROVASCULAR DYSFUNCTION 
IN ISCHEMIA-REPERFUSION (I/R) 
INJURY. Several physiologic parameters 
within the microvasculature are affected by 
I/R injury, as shown (vertical arrows). 
Horizontal double arrows demonstrate 
the primary region affected within the arteri-
ole, capillary, and venule. ·NO, nitric oxide; 
PMN, polymorphonuclear neutrophil.
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responsible for initiation of chain reaction per-
oxidation of lipid membranes and denaturation 
of proteins through nitrosylation (reviewed in 
Zweier and Talukder14) (see Fig. 9.3).

Oxidant damage to the EC enzyme xanthine 
dehydrogenase, involved in normal purine me-
tabolism, causes conversion to xanthine oxi-
dase that then produces superoxide and hydro-
gen peroxide during oxidation of the purine 
metabolite hypoxanthine14 (Fig. 9.4). The activ-
ity of xanthine oxidase further increases the 
ROS tissue burden, precipitating further tissue 
damage. The generation of ROS is involved 
in activating the EC surface to recruit blood 

neutrophils (PMNs) to become adherent and 
ultimately infi ltrate through the endothelial 
barrier into the tissue.

The recruitment of PMNs during reperfu-
sion represents a signifi cant source of ROS 
because PMNs contain a membrane form of 
NADPH oxidase that converts NADPH in the 
presence of molecular oxygen into superox-
ide radical. Superoxide radicals spontaneously 
dismutate to form hydrogen peroxide, which 
combines with halides (such as chloride) 
via the PMN enzyme myeloperoxidase to 
form the toxic molecule hypochlorous acid 
(hypochlorite). The degree of tissue damage 

ROS
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Lipid peroxidation

K+ pump interference

Membrane protein denaturation

Phospholipase activation

Ca ++  influx

Cytoskeletal alteration

Loss of electrochemical gradients

Apoptosis

Inhibition of anti-apoptotic 
protein Bcl-2

Increase tissue death

Activation of cellular stress 
Signaling pathways

Transcription factor
 NF  B activation

Cell adhesion 
molecule expression

Inflammatory 
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Increase tissue PMN content 
and ROS burden

Figure 9.2 ROLE OF REACTIVE OXYGEN SPECIES (ROS) IN ISCHEMIA-REPERFUSION INJURY 
PATHOPHYSIOLOGY. ROS impact several aspects of cellular physiology enhancing cellular damage and tissue 
death. NF-�B, nuclear factor �B; PMN, polymorphonuclear neutrophil.

Radical damage:
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Figure 9.3 ALTERATION OF 
CELLULAR REACTIVE OXYGEN 
SPECIES (ROS) GENERATION IN 
ISCHEMIC-REPERFUSION (I/R) 
INJURY. During I/R injury, the normal cel-
lular housekeeping systems responsible for 
removing newly formed ROS are impaired. 
Resulting superoxide molecules may join 
with nitric oxide (·NO) to form peroxynitrite 
(ONOO·), which may further damage cellular 
structures. PLA2, phospholipase A2; 
GSSGH, reduced glutathione; SOD, super-
oxide dismutase.
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generated by ROS correlates directly with 
their production. There may be two waves of 
ROS production during I/R injury, with an 
early and small increase of ROS generated by 
the local endothelium, followed by a later, 
greater, and more sustained production of 
ROS derived from infi ltrating PMNs (Fig. 9.5).

Ischemia-Reperfusion Injury: Effect 
of Hyperbaric Oxygen on Reactive 
Oxygen Species Production 
and Tissue Damage

Reperfusion injury is dependent on the addi-
tion of oxygen to previously ischemic tissue. 
Specifi cally, exposure to 100% oxygen at 1 at-
mosphere absolute (ATA) during reperfusion 
increases ROS-mediated lipid peroxidation 
and mortality after transient cerebral global 
ischemia.15 Based on this observation, it was 
hypothesized that reperfusion of ischemic 
tissue with hyperoxygenated blood during 
hyperbaric oxygen therapy (HBOT) would 
create a greater amount of tissue damage. Sur-
prisingly, the opposite proved to be true as 
initial studies of postischemic muscle necrosis 
demonstrated improved tissue preservation 
with HBOT.16,17 Multiple studies specifi cally 
evaluating ROS-mediated lipid peroxidation 
after reperfusion have repeatedly shown a re-
duction in lipid peroxidation.18–23 Benefi cial 
outcomes have been documented in these 
studies despite evidence that HBO may 

increase ROS production.19,24 However, the 
effect of oxygen-induced ROS is clearly dose 
dependent, because other studies have dem-
onstrated that exposure to a nonclinical treat-
ment pressure of 4 ATA results in an increase 
in lipid peroxidation.25,26

It is diffi cult to resolve these confl icting 
observations; however, in vitro studies using a 
cell-free system that approximates oxygen 
tension under relevant hyperbaric conditions 
suggest that oxygen may actually inhibit lipid 
peroxidation via the quenching of ROS 
through oxygen-mediated termination reac-
tions.27 Another facet of HBO-mediated ROS 
function suggests that they are required for 
inhibition of PMN adhesion.28 In summary, 
ROS generated by HBOT may have multiple 
effects on the cellular response to I/R injury, 
and at the appropriate dose, they are benefi -
cial rather than injurious.

Ischemia-Reperfusion Injury: 
Hyperbaric Oxygen and Cellular 
Energetics

I/R injury is considered to disrupt normal cel-
lular metabolism and homeostasis ultimately 
through interference with energy production. 
Specifi cally, ischemia may induce mitochon-
drial dysfunction such that during reperfusion 
oxygen no longer serves as a metabolic sub-
strate.29 The presence of oxygen at the time of 
reperfusion may then lead to an increase in 
free radical production.14,30 Inability to recover 
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Figure 9.4 ENHANCED REACTIVE 
OXYGEN SPECIES (ROS) PRODUC-
TION IN ISCHEMIA-REPERFUSION 
(I/R) INJURY BY XANTHINE OXIDASE. 
I/R injury enhances oxidation and proteoly-
sis of xanthine dehydrogenase, causing 
conversion to xanthine oxidase, further 
enhancing the ROS-generating capacity of 
the endothelial cell. ADP, adenosine 
diphosphate; AMP, adenosine mono-
phosphate; ATP, adenosine triphosphate.
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ATP production may ultimately lead to a loss of 
membrane ionic gradients and cell death.14,31

Several studies have shown a benefi cial 
effect of HBOT on preserving cellular homeo-
stasis with respect to ATP levels or energy 
charge.20,32,33 In a rat model of hind-limb isch-
emia for 3 hours immediately followed by 
HBOT at 2.5 ATA for 45 minutes, the level of 
ATP present at 5 hours of reperfusion was 50% 
greater than the I/R group.32 Lactate produc-
tion was signifi cantly reduced with HBOT ver-
sus ischemic controls, suggesting greater 
preservation of oxidative phosphorylation 
apacity.32 In a model of intestinal I/R utilizing 
2 hours of superior mesenteric artery ischemia 
followed by a 2-hour reperfusion period, ATP 
and energy charge were assessed.33 In that 
study, a single HBOT treatment of 2.0 ATA for 
1.5 hours was delivered during the last 
1.5 hours of ischemia or immediately on reper-
fusion. Animals receiving HBOT before reperfu-
sion appeared to gain the greatest benefi t as 
determined by survival at 15 days, although a 
nonsignifi cant trend in improved survival was 
noted in the group receiving HBOT on reperfu-
sion versus I/R controls.33 The amount of ATP 
was not signifi cantly different between the 
HBO-treated and I/R only groups at 30 or 
120 minutes of reperfusion, although the 
HBO-treated groups were not assessed at 

similar time points. Energy charge at 30 minutes 
of reperfusion was signifi cantly greater than 
I/R-only controls in the group receiving HBOT 
during the ischemic period.33 The energy charge 
in the group receiving HBO during reperfusion 
did not differ from I/R-only controls; however, 
this assessment was taken only at 120 minutes 
of reperfusion, and a comparison among all 
groups for the 30-minute time point was not 
performed. In a model of rat hepatic I/R injury, 
HBO treatment before ischemia was benefi -
cial.20 In that study, an HBO treatment of 
2.5 ATA for 1.5 hours was given before a 1-hour 
occlusion of the hepatic artery and portal vein 
followed by 2 hours of reperfusion. ATP levels 
measured at 2 hours of reperfusion were sig-
nifi cantly greater in the HBOT group versus 
the I/R only controls. Also noted was an inverse 
correlation between ATP concentration and 
adherent leukocytes, as well as between ATP 
concentration and lipid peroxidation.20

There may be different explanations for the 
improvement in cellular energetics in these 
experiments depending on the timing of HBOT 
delivery and the specifi c animal model used. In 
the intestinal I/R model, venous blood oxygen-
ation was known to be increased and may have 
functioned to limit ischemia through a type of 
collateral circulation.33 Alternatively, in a model 
without collateral circulation, or when HBOT 
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Figure 9.5 HYPOTHETICAL SCHEME 
FOR REACTIVE OXYGEN SPECIES 
(ROS) GENERATION AFTER ISCHEMIA-
REPERFUSION (I/R) INJURY. During the 
reperfusion phase of I/R injury, ROS may be 
generated by resident tissue cells, such as 
endothelial and supporting parenchymal cells. 
The total burden of ROS within injured tissue is 
greatly enhanced and sustained by recruitment 
of polymorphonuclear neutrophils (PMNs) 
because of their inherent NADPH oxidase and 
myeloperoxidase content.
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is applied before injury, the effect may be 
caused by inhibition of secondary mediators of 
cell damage such as PMN infi ltration or micro-
vascular fl ow.20,32,34 It is diffi cult in vivo to 
determine mechanistically whether the preser-
vation of cellular energetics by HBOT is due to 
primary or secondary effects. Further study 
addressing this specifi c question is required to 
clarify the underlying mechanisms.

Neutrophil-Endothelial Cell Adhesion

The adhesion of PMNs to the endothelium 
is a well-regulated process with respect to 
both temporal and spatial characteristics 
(reviewed in Xu and colleagues,35 Malik and 
Lo,36 Aird,37 Salmi and Jalkanen,38 and Weber 
and Koenen39). PMNs normally traverse the 
microvasculature powered by the force of 
fl ow. The fi xed attachment of PMNs to the 
endothelium occurs with the reduction of 
fl ow inherent in the ischemic event, coupled 
with interactions between protein receptors 
and their counterligands that are expressed 
on the surfaces of both the PMN and the 
EC. Members of this receptor-ligand class 
are referred to as cell adhesion molecules 
(CAMs). Once the PMN has fi rmly adhered to 
the endothelium, it traverses the EC barrier 
into the distal tissue matrix through the pro-
cess of diapedesis. Diapedesis is dependent 
both on interaction of CAMs, guiding the 
PMN to interendothelial gaps, and on chemo-
kines (protein and lipid molecules), forming 
a chemotactic gradient attracting the PMN to 
its ultimate distal tissue destination.

The process of PMN traffi cking from the 
microvasculature to distal tissues is often 
described as a three-step process involving 
rolling, fi rm adhesion, and diapedesis 
(Fig. 9.6).35 Rolling (so called because of the 
appearance of the PMN during videomicros-
copy) occurs when the PMN makes multiple 
nonsustained contacts with the endothelium. 
In this state, the PMN is loosely tethered to 
the EC surface by forces that transiently over-
come the shear force of fl ow. Enhanced roll-
ing is an early infl ammatory event mediated 
by expression of multiple CAMs including 

P-selectin, E-selectin, and intercellular adhe-
sion molecule-1 (ICAM-1) in response to 
infl ammatory mediators and ischemia.40 
P-selectin plays a role in early PMN-EC inter-
action because it is a premade glycoprotein 
stored within the Weibel–Palade bodies of 
ECs and the secretory �-granules of platelets. 
Cellular activation mobilizes these granules 
to the membrane surface within 15 minutes 
of middle cerebral artery (MCA) occlusion, 
exposing P-selectin to its major ligand, 
P-selectin glycoprotein ligand-1, present on 
PMNs.41–43

Endothelial activation caused by I/R injury 
and ROS formation triggers enhanced expres-
sion of other CAMs such as E-selectin and 
ICAM-1 through transcription and translation 
that is dependent on the activation of the tran-
scription factor nuclear factor-�B.44 The require-
ment for new gene expression accounts for the 
temporal delay in E-selectin and ICAM-1 appear-
ance relative to P-selectin. In a rodent model of 
MCA occlusion, E-selectin production is noted 
2 hours after ischemia and exhibits peak 
expression at 6 and 12 hours.42 ICAM-1 expres-
sion was increased at 4 hours after MCA I/R 
injury in the rodent.45 E-selectin and ICAM-1 
bind to their PMN ligands SLex /P-selectin glyco-
protein ligand-1/CD44 and CD11b/18, respec-
tively, strengthening the bond between the 
PMN and EC, leading to fi rm adhesion of the 
PMN on the EC surface.46–48 After fi rm adhesion, 
the PMN migrates through EC gap junctions 
via the homotypic interactions among platelet 
endothelial cell adhesion molecules (PECAMs), 
pre sent on both the PMN and localized at 
the EC junctions (reviewed in Cook-Mills and 
Deem49). Platelet endothelial cell adhesion 
molecule-1–independent diapedesis has been 
reported; however, this alternative mechanism 
remains uncharacterized.50

The cross talk between PMN and EC during 
adhesion and transmigration represents a 
complex process that may be underappreci-
ated. Interaction of the PMN-EC adhesion 
molecules leads to bidirectional signaling 
events within each cell type, resulting in cel-
lular activation that further promotes adhe-
sion. Interaction of L- and P-selectin with their 
respective ligands results in increased avidity 
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of the CD11/18 for ICAM-1.51–53 Engagement 
of the E-selectin receptor also leads to phos-
phorylation of p38 mitogen-activated protein 
kinase and up-regulation of the CD11/18 com-
plex on the PMN.54,55

Using in vivo models of cerebral ischemia, in-
terruption of the PMN-EC interaction has proved 
benefi cial. Interruption of the rolling process 
by P-selectin blockade by antibody in normal 
mice or via genetic defi ciency in P-selectin 
knock-out mice results in protection from cere-
bral infarction.56 Antibodies that inhibit CD18 
have reduced cerebral infarct volumes in ba-
boons.57 Furthermore, CD18 genetically defi -
cient mice were protected from cerebral isch-
emia and reperfusion injury, but not permanent 
ischemia.58 Similarly, anti–ICAM-1 antibodies 
have reduced postischemic brain injury in ro-
dents.59 Mice genetically defi cient for ICAM-1 
have demonstrated smaller infarct volumes than 
wild-type mice; however, the number of PMNs 
recruited to the brain did not differ between 

groups.60,61 These in vivo fi ndings highlight the 
importance of the PMN-EC interaction in devel-
opment of cerebral I/R injury and provide one 
mechanism by which HBOT might be benefi cial 
during acute cerebral I/R injury.

Antiadhesive Mechanisms of Hyperbaric 
Oxygen in Ischemia-Reperfusion Injury

Early studies that evaluated the protective 
mechanisms of HBOT during I/R injury were 
performed by Zamboni and colleagues34 in a 
rodent skeletal muscle fl ap model. In these 
studies, HBOT was noted to reduce the adhe-
sion of PMNs to injured endothelium by real-
time videomicroscopy in vivo. Subsequent 
studies in a rat model of MCA-mediated I/R 
injury have shown that HBOT limits cerebral 
infarct volume and PMN sequestration.62 Based 
on these fi ndings, it is possible that HBOT ex-
erts its benefi cial effects through interruption 
of the PMN-EC adhesion mechanism.

1. Rolling

2. Adhesion

3. Diapedesis

Carbohydrate 
liglands L-selectin

VLA-4
Carbohydrate

CD11/CD18
P-selectin E-selectin

VCAM-1
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Figure 9.6 PROCESS OF LEUKOCYTE EXTRAVASATION AFTER ISCHEMIA-REPERFUSION (I/R) 
INJURY. Polymorphonuclear neutrophils (PMNs) enter tissue from postcapillary venules in a stepwise progression 
regulated by expression of cell adhesion molecules located on both the PMNs and endothelial cell surface. Primary 
adhesion molecules and their ligands located on endothelial cells and PMNs are shown for each step. ICAM-1, inter-
cellular adhesion molecule-1; PECAM, platelet endothelial cell adhesion molecule; VCAM-1, vascular cell adhesion 
molecule-1; VLA-4, very-late antigen-4. 
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Hyperbaric Oxygen and Polymorphonuclear 
Neutrophil Adhesion

The conclusion that HBOT interferes directly 
with PMN-endothelium interaction raised the 
question whether HBOT affected either PMN 
activation or PMN-specifi c adhesion molecules. 
The fi rst PMN-specifi c adhesion molecule stud-
ied was the protein CD11/18. CD11/18 is a 
heterodimeric protein normally expressed on 
the PMN surface and is a member of the integ-
rin family of adhesion molecules (reviewed in 
Xu and colleagues35). Three distinct CD11/18 
complexes have been described, all containing 
the same CD18 or b2 integrin subunit, coupled 
to CD11a, CD11b, or CD11c. The CD11a/18 
complex is found on PMNs, monocytes, T cells, 
and B cells. The CD11b/18 and CD11c/18 com-
plexes are found on both PMN and monocyte 
cell surfaces. The predominant ligand for 
CD11a/18 is ICAM-1, located on a variety of 
cell types including ECs and epithelial cells 
(reviewed in Xu and colleagues35 and Kakkar 
and Lefer63). CD11b/18 also binds ICAM-1 but 
with lower affi nity.64 Both CD11b/18 and 
CD11c/18 bind to iC3b and fi brinogen. PMN 
activation increases the avidity of the CD11/
18 receptor through phosphorylation events 
and cytoskeletal alteration.65

The fi rst studies evaluating the mechanisms 
of HBOT and PMN adhesion were conducted 
using a model of carbon monoxide (CO) poi-
soning.18,66 CO poisoning was considered to 
represent a form of I/R injury as a result of 
transient cellular ischemia and regional central 
nervous system hypotension with subsequent 
reperfusion on CO removal.66 The transient 
application of CO in this setting results in sev-
eral biochemical changes similar to end-artery 
occlusion I/R injury models including lipid 
peroxidation, conversion of xanthine dehydro-
genase to xanthine oxidase, and intercerebral 
PMN sequestration.66 In rats, HBOT was capa-
ble of reducing intracerebral PMN accumula-
tion after CO poisoning in a dose-dependent 
manner with greatest inhibition at 3 ATA.18 Us-
ing an in vitro system of CD18-mediated PMN 
adherence to nylon columns, HBO was capa-
ble of preventing PMN adhesion.18 This study 

was the fi rst to implicate a specifi c adhesion 
molecule, CD18, in the antiadhesive mecha-
nism of HBOT. The effect of HBO on adhesion 
was not irreversible, as demonstrated through 
restoration of HBO-treated PMN adhesion to 
nylon after PMN stimulation with phorbol 
12-myristate 13-acetate (PMA).18 Furthermore, 
in vivo studies demonstrated that HBOT did 
not prevent CD18-dependent PMN recruit-
ment after glycogen-induced peritonitis.18

Subsequent biochemical studies demon-
strated that the effect of HBO on CD18 func-
tion was mediated by PMN-generated cyclic 
guanosine monophosphate (cGMP).28 PMN 
derived from HBO-treated rats demonstrated 
reduced adhesion to nylon and was reversible 
after treatment with PMA, 8-bromo-cGMP 
(a cGMP analogue), or dithiothreitol.28 Further 
experiments using human PMNs demonstrated 
that HBO inhibits the production of cGMP by 
the membrane-bound form of guanylate cyclase 
and does not interfere with the free cytosolic 
guanylate cyclase.67 The exact mechanism of 
how cGMP alters CD11/18 function is unclear; 
however, it may relate to the subsequent activi-
ties of G proteins or cGMP-dependent protein 
kinase activity, which may regulate interaction 
of the cytoskeleton and �2 integrins, as recently 
suggested.68,69

The effect of HBOT on the production of 
new CD18 molecules has also been studied 
with less consistent results. The previously 
described experiments on HBO-only–treated 
rat and human PMNs found no change in cell 
surface expression of CD18.18,67 Similarly, pre-
liminary work has shown that the number of 
PMN CD18 molecules is not altered by HBOT 
in a rodent model of skeletal muscle I/R 
injury.70 However, other in vivo studies sug-
gest that HBOT decreases new CD18 synthe-
sis on circulating PMN in humans after sur-
gery.71 Further work is required to determine 
the effect of HBOT on CD18 expression in the 
specifi c setting of I/R injury.

The down-regulation of CD11/18 function 
represents an attractive hypothesis to explain 
the benefi cial effect of HBOT with respect to 
the reduction in PMN adhesion. However, limi-
tations exist in accepting this hypothesis as 
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the sole explanation. Although HBOT may be 
able to decrease CD11/18 function, experi-
ments have shown that this effect may be 
reversed by activation of PMNs through other 
pathways.66,67 It is unknown whether in the 
setting of I/R injury PMNs may be exposed to 
other infl ammatory mediators, which could 
then activate CD11/18 through a pathway 
similar to that activated by PMA, bypassing the 
HBO protective effect. It is also possible that 
other CD11/18-independent pathways of cell 
adhesion are involved in the I/R injury process 
as suggested by the study described.18 Finally, 
most mechanistic HBOT-I/R experimental stud-
ies to date have focused on early outcome 
(Table 9.1); however, the full development of 
I/R injury extends beyond most of these study 
periods. For example, in the setting of cerebral 
I/R injury, the infi ltration of leukocytes into 
injured tissue may occur over a period of 24 to 
48 hours.72 It is unknown whether the HBOT 
suppression of CD18 function persists through-
out the development and maturation of reper-
fusion injury. Given these caveats, the data 
thus far strongly suggest that a key mechanism 
of effect is the HBO-mediated inhibition of 
CD11/18 function, but further studies in the 
specifi c setting of I/R injury are needed to 
confi rm the above fi ndings.

Hyperbaric Oxygen and the Endothelial Cell

Most early work elucidating the antiadhesive 
mechanisms of HBOT focused on the PMN as 
described earlier. However, given the impor-
tance of the endothelium in mediating PMN 
adhesion through the tightly regulated ex-
pression of CAMs, it seemed likely that HBOT 
may also infl uence the EC. Early studies on the 
oxygen-mediated regulation of EC CAMs fo-
cused on ICAM-1.73 In these studies, pro-
longed exposure of ECs to oxygen at 1 ATA 
resulted in enhanced expression of ICAM-1 
and PMN adhesion.73 The fi rst description 
regarding the effect of HBOT on ICAM-1 ex-
pression demonstrated an increase in ICAM-1 
within the pulmonary vasculature after expo-
sure at 3 ATA for greater than 4 hours.74 This 
information would predict that HBO would 
enhance PMN ICAM-1–dependent adhesion; 

however, this was not the case in the setting 
of HBO-treated I/R injury.34 The discrepancy 
likely relates to the use of toxic oxygen expo-
sures in the former studies,73,74 rather than 
the nonoxygen toxic exposures common to 
clinical and experimental treatment of I/R 
injury.34

In vitro studies specifi c to EC I/R injury 
demonstrated that mock ischemia (concurrent 
hypoxia and hypoglycemia) was capable of 
inducing expression of ICAM-1 in both bovine 
and human ECs.75 In this model system, expo-
sure of I/R-injured ECs to 90 minutes of HBOT 
at 2.5 ATA reduced expression of ICAM-1 with 
a concomitant reduction in PMN binding to 
the EC surface (Figs. 9.7 and 9.8).75 This fi nd-
ing supports an EC CAM mechanism for HBOT 
in the setting of I/R injury in vivo. Again, the 
use of a nonoxygen toxic HBO exposure was 
required for generating the benefi cial suppres-
sion of ICAM-1 expression and PMN adhe-
sion.75 Using the same model system, suppres-
sion of I/R-induced ICAM-1 by HBO required 
·NO, as the general nitric oxide synthase (NOS) 
inhibitor L-nitroarginine methyl ester reversed 
the effects of HBO.75 In this setting, a single 
HBO exposure was noted to increase the pro-
duction of NOS III protein (Fig. 9.9).75

Subsequent in vivo I/R experiments in a 
rodent muscle fl ap support the in vitro fi nd-
ings on HBO regulation of ICAM-1.76 HBO ad-
ministered using a clinically relevant treat-
ment schedule of 2.5 ATA for 90 minutes at 
the initiation of reperfusion was able to re-
duce ICAM-1 expression within the fl ap with 
an associated reduction in PMN sequestration 
and improved fl ap survival.76 PMN CD18 sur-
face expression was not reduced by HBOT; 
however, the effect on the avidity of the exist-
ing CD11/18 complex was not determined.

Ischemia-Reperfusion Injury: 
Hyperbaric Oxygen and Nitric Oxide

·NO is a free radical gas (reviewed in Lowen-
stein and Snyder,77 Li and colleagues,78 and 
Dudzinski and coworkers79) that regulates a 
number of important facets of I/R injury 
including vascular tone and PMN adhesion 
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Table 9.1 Selected Hyperbaric Oxygen Use in Ischemia-Reperfusion Injury Model Systems

STUDY SPECIES ORGAN TI/R THBOT IHBOT ATA OUTCOME MEASURE EFFECT

Atochin and 
colleagues62

Rat Brain 2 hr/1.46 hr 45 min B 2.8 Infarct volume �

Neurologic defi cit �

PMN sequestration �

Buras and 
colleagues75

Human/
bovine

Endothelium 4 hr/20 hr 90 min A 2.5 ICAM-1 expression �

PMN adherence �

Cabigas and 
colleagues118

Rat Heart (note 
I/R done 
ex vivo)

25 min/
180 min

60 min B 2.0 Infarct size �

NOS3 expression �

Nitrate production �

Chen and 
colleagues20

Rat Liver 1 hr/2 hr 90 min B 2.5 WBC adherence �

Lipid peroxidation �

ATP �

Blood fl ow �

Gurer and 
colleagues140

Rat Kidney 45 min/24 hr 75 min B 2.8 GSH levels NS

Lipid peroxidation �

Histology �

Hong and 
colleagues76

Rat Musculocuta-
neous fl ap

4 hr/24 hr 90 min D, A 2.5 Flap survival �

CD18 expression NS
ICAM-1 expression �

PMN sequestration �

Kihara and 
colleagues141

Rat Liver 45 min/
4, 7, 48 hr

1 hr A 2.5 Survival �

Lipid peroxidation �

PMN sequestration �

Mink and 
Dutka19

Rabbit Brain 10 min/
75 min

75 min A 2.8 Lipid peroxidation �

Nylander and 
colleagues32

Rat Skeletal 
muscle

1.5 and 
3 hr/5 hr

45 min A 2.5 ATP �

Lactate �

Phosphocreatine �

Sterling and 
colleagues142

Rabbit Heart 30 min/3 hr 90 min D, A, 
DA

2.5 Infarct size �

Sirsjo and 
colleagues103

Rat Skeletal 
muscle

4 hr/1.5 hr 
and 5 hr

90 min A 2.5 Blood fl ow NS 1 hr, 
�5 hr

Skin 4 hr/1.5 hr 
and 5 hr

90 min A 2.5 Capillary density NS 1 hr, 
�5 hr

Thom18 Rat Brain 2 hr/90 min* 90 min A 2.5 WBC sequestration �

XO production �

Lipid peroxidation �

Yagci and 
colleagues143

Rat Colon 5-day 
ischemia

90 min B, A 2.8 Hydroxyproline �

Bursting pressure �

Histology NS
Yamada and 
colleagues33

Rat Small 
intestine

2 hr/30 min 
and 120 min

90 min D, A 2.0 15-day survival �D; NS A
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(reviewed in Li and colleagues78 and Lefer and 
Lefer80). One mechanism of ·NO action is 
binding to iron in the heme contained within 
the active site of guanyl cyclase, leading to 
enzymatic activation and generation of cGMP 
with subsequent biologic effects. Another 
mechanism of action is through combination 
of ·NO with superoxide to form peroxynitrite, 
which is a one- or two-electron oxidant and ni-
trating agent (reviewed in Szabo81 and Donzelli 
and colleagues82). The peroxynitrite-mediated 
oxidation of biologic molecules is similar to 
the oxidation mediated by the hydroxy radi-
cal; however, the oxidation rate constant 
for peroxynitrite is 10,000 times slower than 
the hydroxy radical. Peroxynitrite is toxic to 

bacteria and eukaryotic cells through its oxi-
dative properties and its ability to nitrate tyro-
sine residues in cell signaling kinases, tran-
scription factors, and ion channels, which may 
lead to protein malfunction. However, data 
suggest that peroxynitrite may also afford a 
protective effect similar to ·NO during I/R in-
jury at physiologic concentrations.83,84 It is 
possible that by combining with superoxide 
anion ·NO may act as a sink to reduce the 
contribution of superoxide to further free 
radical chain reaction propagation.85 The ulti-
mate effect of ·NO in promoting tissue protec-
tion or damage depends on its concentration 
and the presence of oxidative stress, which 
may promote peroxynitrite formation.86

STUDY SPECIES ORGAN TI/R THBOT IHBOT ATA OUTCOME MEASURE EFFECT

ATP NS
Histology �D; NS A

Yang and 
colleagues144

Rat Small 
intestine

60 min/
30 min

60 min D 2.8 Serum TNF levels �

PMN sequestration �

Zamboni and 
colleagues34

Rat Skeletal 
muscle

4 hr/3 hr 60 min D, A 2.5 WBC adherence �

Vasoconstriction �

*Ischemia induced by carbon monoxide poisoning.
A, after ischemia; ATA, atmospheres absolute treatment pressure; ATP, adenosine triphosphate; B, before ischemia; D, during ischemia; GSH, glutathione; 

IHBOT, hyperbaric oxygen treatment relative to ischemia; ICAM-1, intercellular adhesion molecule-1; I/R, ischemia-reperfusion; NOS3, nitric ox ide synthase-3; 
NS, no signifi cant difference with treatment; PMN, polymorphonuclear neutrophil; tHBOT, duration of hyperbaric oxygen treatment; tI/R, ischemia/reperfusion 
times, respectively; TNF, tumor necrosis factor; WBC, white blood cell; XO, xanthine oxidase; �, benefi cial outcome; �, deleterious outcome.

Table 9.1 Selected Hyperbaric Oxygen Use in Ischemia-Reperfusion Injury Model Systems—Cont’d
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Figure 9.7 HYPERBARIC OXYGEN (HBO) DOWN-REGULATES ENDOTHELIAL EXPRESSION OF 
INTERCELLULAR ADHESION MOLECULE-1 (ICAM-1). Primary human umbilical vein endothelial cells were 
exposed to mock ischemia (hypoxia/hypoglycemia) for 4 hours (gray bar), then either normoxia/normoglycemia for 
20 hours or 1.5 hours of HBO at 2.5 ATA (black bar), then 18.5 hours of normoxia/normoglycemia. Cells were 
fi xed and immunostained for surface expression of ICAM-1 and analyzed by confocal laser–scanning microscopy. 
**Signifi cant differences of P, 0.05 by analysis of variance. White bar represents control cells. (Adapted from 
Buras JA, Stahl GL, Svoboda KK, Reenstra WR: Hyperbaric oxygen downregulates ICAM-1 expression induced by hy-
poxia and hypoglycemia: The role of NOS. Am J Physiol Cell Physiol 278:C292–C302, 2000, by permission.)
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There are three subtypes of NOS, which are 
responsible for ·NO production and are desig-
nated NOS I, NOS II, and NOS III. NOS isoforms 
share about 50% amino acid homology, espe-
cially at their catalytic sites, and N-terminal 
variation of the isoforms may be responsible 
for differential enzyme regulation. All NOS en-
zymes convert L-arginine to L-hydroxy arginine, 
and then to L-citrulline with the consumption 
of NADPH and oxygen and the generation of 
·NO. NOS III (also known as endothelial NOS) 
is predominantly a constitutively produced en-
zyme found in ECs and fi broblasts. NOS III may 
also be induced in certain circumstances, for 
example, by the shear force of fl ow and hyper-
oxia.85,87 The activity of NOS III is mediated 
through changes in intracellular calcium and 
calcium-calmodulin.79 NOS III is responsible 
for producing the ·NO initially characterized as 
endothelial-derived relaxing factor and also is 
responsible for vasodilatation. Studies have 
shown that inhibition of NOS III promotes the 
adherence of PMNs to the microvasculature, 
whereas increased enzyme concentration has 
an antiadherent effect.80,88 NOS II (also known 
as inducible NOS) is an enzyme produced 
by PMNs, macrophages, and fi broblasts. How-
ever, constitutive production of NOS II may 
also occur. NOS II protein synthesis is induced 
by lipopolysaccharide, IL-1�, or TNF-�. NOS II 

activation is not calcium dependent and pro-
duces a signifi cantly greater amount of ·NO 
than does NOS III. Evidence suggests that the 
·NO produced by NOS II may reach toxic lev-
els in some cases; as in animal models, selective 
NOS II inhibition improves outcome and 
decreases vascular leakage (reviewed in Szabo81; 
also see Laszlo and Whittle,89 Wei and cowork-
ers,90 and MacMicking and colleagues91). How-
ever, the toxicity observed in these models 
could come through reduction in the concen-
tration of peroxynitrite in favor of superoxide, 
rather than a directly toxic effect of ·NO.92 
NOS I (also referred to as neuronal NOS) is 
constitutively expressed and may be induced 
under certain circumstances. NOS I is found 
largely within the central nervous system; how-
ever, NOS I, as well as a splice variant of NOS I, 
may also be found in the perivascular environ-
ment of larger blood vessels, and its specifi c 
contribution to I/R injury is unknown.

Oxygen and HBO are known to affect the 
production of ·NO, as well as the expression of 
both NOS III and NOS II. Reports have shown 
that increases in oxygen tension at 1 ATA lead 
to an induction of NOS III messenger RNA and 
protein production.93,94 Increases in ·NO pro-
duction were noted by direct measurement in 
bovine cerebellum after HBO exposure; how-
ever, direct analysis of NOS protein levels or 
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Figure 9.8 HYPERBARIC OXYGEN (HBO) DOWN-REGULATES POLYMORPHONUCLEAR NEUTROPHIL 
(PMN) ADHESION TO ENDOTHELIAL CELLS AFTER MOCK ISCHEMIA-REPERFUSION INJURY IN VITRO. 
Primary human umbilical vein endothelial cells (HUVECs) were exposed to mock ischemia (hypoxia/hypoglycemia) for 
4 hours (gray bar), then either normoxia/normoglycemia for 20 hours or 1.5 hours of HBO at 2.5 ATA (black bar), 
then 18 5 hours of normoxia/normoglycemia. Freshly isolated primary PMNs were added to endothelial cell cultures, 
and adherence was quantifi ed by determining total myeloperoxidase content after washing away nonadherent cells. 
**Signifi cant differences of P � 0.05 by analysis of variance. White bar represents control cells. (Adapted from 
Buras JA, Stahl GL, Svoboda KK, Reenstra WR: Hyperbaric oxygen downregulates ICAM-1 expression induced by hypoxia 
and hypoglycemia: The role of NOS. Am J Physiol Cell Physiol 278:C292–C302, 2000, by permission.)
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subtype was not performed.95 HBOT in a 
zymosan-induced rat shock model signifi cantly 
reduced serum nitrate/nitrate concentration, 
refl ecting a reduction in the production of 
·NO.96 The source of ·NO was not measured in 
this study; however, ·NO production in the 
shock state presumptively originates from in-
ducible NOS.80 The hypothesis that HBOT may 
prevent NOS II–specifi c ·NO production is 
supported by other in vitro studies showing 
differential effects of HBOT on the expression 
of NOS II and NOS III. HBOT has been demon-
strated to reduce lipopolysaccharide induc-
tion of NOS II transcription in murine macro-
phages.97 In a separate study, HBOT was 
capable of inducing NOS III, but not NOS II, 
protein production in ECs in an in vitro model 
of I/R injury (see Fig. 9.9).75 This same study 
noted no increase in inducible NOS protein 
production in a murine macrophage cell line, 
which is consistent with previous fi ndings.75 A 
preliminary in vivo study using a rat model of 
skeletal muscle I/R detected a trend of in-

creased ·NO production in serum after HBOT; 
however, this increase was not signifi cant com-
pared with I/R-only control animals.98

·NO has been implicated directly in the 
HBO-mediated suppression of PMN adhe-
sion.99 In that study, rats were exposed to 
HBO in the presence or absence of the gen-
eral NOS inhibitor, L-nitroarginine methyl 
ester. PMN adhesion to nylon was reduced 
after HBOT; however, inhibition of ·NO syn-
thesis by L-nitroarginine methyl ester 
reversed the antiadhesive effect of HBO.68 It 
is possible that the ·NO effect mediated by 
HBO involves the membrane-bound form of 
guanylate cyclase. Exogenous ·NO is capable 
of reducing cGMP production from stimu-
lated PMN membrane-bound guanylate cy-
clase.99 Furthermore, PMN adhesion may be 
reduced by ·NO in a dose-dependent man-
ner.99 These observations suggest that HBOT 
might alter the adhesive function of PMN 
CD11/18 by altering ·NO production and 
resulting in reduced production of cGMP 

A B

Figure 9.9 HYPERBARIC OXYGEN (HBO) INDUCES NITRIC OXIDE SYNTHASE (NOS) III PRODUCTION 
AFTER MOCK ISCHEMIA-REPERFUSION INJURY IN VITRO. Primary human umbilical vein endothelial cells 
(HUVECs) were exposed to mock ischemia (hypoxia/hypoglycemia) for 4 hours, then either normoxia/normoglycemia 
for 20 hours or 1.5 hours of HBO at 2.5 ATA, then 18.5 hours of normoxia/normoglycemia. Cells were fi xed and 
immunostained for expression of NOS III and analyzed by confocal laser–scanning microscopy (CLSM). Enhanced 
expression of NOS III after HBO exposure (B) can be appreciated relative to control cells (A). See Color Plate 3 for 
dual staining image where nucleic acid is stained red with propidium iodide, and NOS III is stained green with a NOS 
III-specifi c antibody. (Adapted from Buras JA, Stahl GL, Svoboda KK, Reenstra WR: Hyperbaric oxygen downregulates 
ICAM-1 expression induced by hypoxia and hypoglycemia: The role of NOS. Am J Physiol Cell Physiol 278:C292–C302, 
2000, by permission.)
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from the membrane-bound form of guanyl-
ate cyclase. The source of ·NO responsible 
for mediating this hypothetical mechanism 
of HBOT is not currently known. Previous 
studies have suggested that HBO may in-
crease production of ·NO from NOS I as 
determined by direct measurements taken 
adjacent to the abdominal aorta in rats.100 
Measurement of ·NO production in the cere-
bral cortex during HBO exposure also ap-
pears to originate from NOS I, not NOS III, as 
determined by using NOS knock-out mice.101 
The HBO-induced increase of ·NO produc-
tion was dependent on the presence of oxi-
dative stress because antioxidants were able 
to reverse the effect.100 Also, the effect of 
HBO was associated with increased infl ux of 
intracellular calcium and activity of the heat 
shock protein Hsp90.100

The exact role of HBO regulation of NOS 
during I/R injury is more diffi cult to deter-
mine. As mentioned earlier, previous in vitro 
studies have shown that HBO may increase 
the production of functional NOS III protein.75 
Most recently, preliminary work in a muscle 
fl ap I/R injury model has demonstrated an 
HBO-dependent increase in ·NO from NOS III 
and an increase in NOS III messenger RNA 
expression.102 ·NO clearly plays a signifi cant 
role in modulating PMN responses to I/R 
injury, and further work is required to fully 
understand the mechanisms that regulate ·NO 
production in this setting.

HBOT improves several markers of microvas-
cular dysfunction after I/R injury (Fig. 9.10). It 
is possible by extrapolating from existing data 
to create a unifying hypothesis explaining how 
the benefi cial effect of HBOT in treating I/R 
injury could be mediated by ·NO (Fig. 9.11). If 

HBOT is capable of inducing an increase in 
NOS III protein production in the vascular bed, 
then it is plausible that in the setting of I/R, 
calcium infl ux may increase the amount of NOS 
III–generated ·NO.75 Increased ·NO levels may 
be involved in reducing PMN adhesion through 
inhibition of CD18 function and down-regula-
tion of endothelial CAM synthesis through sup-
pression of nuclear factor-�B–dependent gene 
transcription.75,99 Increased ·NO production in 
the microvascular bed would also account for 
the observed vasodilation and preserved capil-
lary fl ow.20,34,103 It is intriguing that all of the 
observed benefi cial effects of HBOT may be 
explained by ·NO bioactivity. Further HBO-I/R 
studies using ·NO inhibitors in vivo and also 
specifi c NOS knock-out mice could confi rm the 
connection between HBO and ·NO production 
as the primary mechanism responsible for 
protection in I/R.

Preconditioning

Preconditioning is an interesting phenome-
non defi ned as a pretreatment that renders a 
tissue resistant to subsequent ischemia. The 
initial treatment used for preconditioning was 
actually brief, repeated episodes of ischemia 
before prolonged I/R, and it has become com-
monly described as ischemic preconditioning 
(IP).104 That study used a canine model with 
multiple brief periods of myocardial ischemia 
that limited histologic infarct size after a sub-
sequent sustained ischemic insult. The fi rst 
human clinical study of IP reported the 
effects of 2 sequential 90-second coronary 
occlusions in 19 patients undergoing elective 
angioplasty of the left anterior descending 

Vasoconstriction

Oxidant production

·NO production

Adhesion molecule expression

PMN-capillary plugging

PMN rolling, adherence, emigration

Arteriole capillary Venule
Figure 9.10 COMPONENTS OF 
MICROVASCULAR DYSFUNCTION IN 
ISCHEMIA-REPERFUSION INJURY 
IMPROVED BY HYPERBARIC OXYGEN 
(HBO). Several physiologic parameters 
within the microvasculature are improved by 
HBO after I/R injury as listed (vertical 
arrows). Horizontal double arrows 
demonstrate the primary region affected 
within the arteriole, capillary, and venule.
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coronary artery.105 The second episode of 
ischemia caused fewer symptoms and de-
creased production of myocardial lactate. IP 
has been described in several tissues such as 
myocardium, liver, lung, brain, skeletal muscle, 
kidney, and intestine.106

Some of the documented protective ef-
fects of IP in the myocardium include pres-
ervation of ATP, reduction of lactate accumu-
lation, attenuation of acidosis, decreased 
generation of ROS, and protection against 
stunning.107 In addition to ischemia, precon-
ditioning can be induced pharmacologi-
cally.108 Mechanistically, HBOT may be con-
sidered as a potential preconditioning agent 
because it could induce intracellular oxidant 
signaling as observed in IP; however, this 
hypothesis has not yet been proved.

Several protective/adaptive mechanisms to 
HBOT have been described in the literature. 
Dennog and colleagues109 found that a single 
HBO treatment at 2.5 ATA for 1 hour causes 
DNA damage in human leukocytes. However, 
subsequent HBO treatments did not cause 
further damage, suggesting that the cell 

increases its antioxidant mechanisms after 
HBO. The authors also observed that short 
HBO treatments increased in a stepwise fash-
ion did not cause damage to DNA. In a differ-
ent study, the same group found rapid repair 
of HBO-induced DNA damage in blood cells of 
healthy male volunteers exposed to HBO at 
2.5 ATA for 1 hour.110 Increased production of 
heme oxygenase-1 has been suggested as an 
adaptive mechanism to HBO.111,112 Heme oxy-
genase-1 appears to be a benefi cial host de-
fense mechanism associated with antioxidant 
properties.113 Increased production of induc-
ible heat shock protein 70 has been reported 
after a single treatment of HBO in humans.114 
HBO-induced modulation of other antioxidant 
mechanisms (catalase and superoxide dis-
mutase) has been described in rat myocar-
dium and skeletal muscle.115–117 Most recently, 
HBOT of rats resulted in sustained protection 
of subsequently isolated hearts subjected to 
I/R.118 In that study, NOS III and hsp90 were 
both increased after HBOT. Furthermore, inhi-
bition of NOS blocked the protective effects 
of HBOT on infarct size. These experiments 

HBO

NOS

·NO

·NO

Smooth muscle relaxation

P-selectin

nucleus

Guanylate 
Cyclase

cGMP

CD 11/18

Gene transcription
ICAM-1
VCAM-1

E-selectin
Endothelial Cell

NF-  B

ICAM=1

PM

N

Figure 9.11 UNIFYING MECHANISMS OF HYPERBARIC OXYGEN THERAPY (HBOT) IN 
ISCHEMIA-REPERFUSION INJURY. HBOT affects both polymorphonuclear neutrophil (PMN) and endothelial 
cell (EC) components required for rolling and adhesion of PMN to the endothelium. The effects of HBOT may be 
traced to generation of nitric oxide (·NO) affecting the following processes: (1) cyclic guanosine monophosphate 
(cGMP) production and CD11/18 function in the PMN; and (2) cell surface expression of P-selectin, local alteration 
of microvascular blood fl ow, and cell adhesion molecule expression through potential downregulation of nuclear fac-
tor-kB (NF-kB) activation. ICAM-1, intercellular adhesion molecule-1; NOS, nitric oxide synthase; VCAM-1, vascular 
cell adhesion molecule-1. (Adapted from Buras J, Reenstra W: Endothelial-neutrophil interactions during ischemia 
and reperfusion injury: Basic mechanisms of hyperbaric oxygen. Neurol Res 29:127–131, 2007, by permission.)
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were conducted using isolated, perfused 
hearts during generation of I/R injury. In 
this setting, the effects of serum components 
such as complement and clotting factors, 
circulating leukocytes, and platelets were not 
assessed. The contribution of these proinfl am-
matory components to I/R in the presence of 
HBO requires further study. Overall, this study 
supports the growing hypothesis that ·NO 
plays a key role in HBOT protection in I/R in 
both preconditioning and postconditioning 
situations. The experience with HBOT in clini-
cal preconditioning is limited; however, it has 
potential to evolve into a useful therapy.

ISCHEMIA-REPERFUSION INJURY: 
HYPERBARIC OXYGEN 
AND CLINICAL STUDIES

Numerous basic and animal models have 
shown benefi cial effects of HBO in I/R injury. 
However, clinical studies remain limited and 
somewhat controversial. This section reviews 
the most relevant literature in three specifi c 
areas: the brain, the myocardium, and trans-
plantation. The role of HBO in trauma-related 
I/R injury is discussed in Chapter 20, detailing 
the role of HBO in crush injury. Relevant stud-
ies with the highest level of evidence avail-
able in each area are described in Table 9.2.

Brain

Stroke

Interruption of a cerebral artery reduces, but 
seldom abolishes, the delivery of oxygen to the 
brain.119 Histopathologic damage from cere-
brovascular occlusion depends on the degree 
and duration of impaired blood fl ow or 
hypoxia.120 Subsequent to a severe ischemic 
insult, a central zone exists that necroses and 
progressively enlarges in a circumferential 
fashion. A rim of mild to moderately ischemic 
tissue exists between normally perfused brain 
and the evolving infarct in which pathophysi-
ologic changes are most dynamic. This rim of 

tissue has been called the ischemic penumbra, 
and its viability depends on residual perfusion, 
presence of collateral vessels, and perfusion 
pressures.121 That is, the ischemic penumbra 
represents potentially salvageable tissue. Furlan 
and colleagues122 fi rst demonstrated its exis-
tence in humans, and they suggest that map-
ping of its borders might allow for predicting 
potential for recovery and form a basis to 
select the most appropriate candidates for 
therapeutic trials.

It seems logical that HBOT may help to 
salvage the penumbra in stroke patients and 
improve the clinical outcome. However, clini-
cal studies have shown mixed results. Despite 
publication of multiple clinical studies on the 
use of HBOT in stroke, only three meet the 
criteria for the highest level of evidence as 
prospective, randomized, and controlled trials. 
An extensive review on the literature of HBOT 
in stroke and traumatic brain injuries demon-
strated that a signifi cant number of studies 
have major methodologic fl aws.123 The three 
prospective studies are detailed in Table 9.2.

Anderson and investigators124 reported the 
fi rst prospective randomized controlled trial in 
1991. This investigation included 39 patients 
with acute ischemic stroke managed in a neu-
rologic intensive care unit and with the con-
temporary standard of care. Patients were ran-
domized to receive HBOT (n � 20) or sham 
treatments (n � 19). The primary outcome 
measure was a validated graded neurologic 
examination. A secondary outcome measure 
was quantifi cation of the volume of infarct 
measured by head computed tomography. This 
study was suspended early when an interim 
analysis showed a trend toward better out-
come in the sham group. Of note, the larger 
infarct volume in the HBOT group begs the 
question of appropriateness of randomization. 
One could infer that patients in the HBOT 
group had a more severe insult. The authors 
acknowledge frequent deviations from the pro-
tocol because of patient instability and other 
demands of their medical care.

The second study, reported by Nighog-
hossian,125 enrolled 34 patients (21 men), 
between 20 and 75 years old, presenting 
with a neurologic defi cit highly suggestive 
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of MCA occlusion. All patients presented 
within 24 hours of the cerebral event and 
had a score of less than 80 on the Orgogozo 
functional scale (0 � completely unrespon-
sive; 100 � no defi cit). Once enrolled, all 
patients received supportive care including 
low-dose heparin, nursing care, rehabilita-
tion, speech therapy, and occupational ther-
apy. Patients were randomized to HBOT 
(n � 17) or sham treatments (n � 17). Out-
comes included mortality and changes in 
three healthcare scales (acute assessment 
scale: Orgogozo [100–0]; Trouillas (0–10); 
and functional assessment scale: Rankin 
Scale) that were used to assess neurologic 
outcome at 6 months and 1 year. A signifi -
cant difference favoring HBOT was observed 
at 1 year in the Orgogozo (P � 0.02) and 
Trouillas (P � 0.03) scales. No statistical dif-
ference was observed in the Rankin Scale.

Rusyniak and colleagues126 reported a pro-
spective study of the effects of HBOT on 
acute ischemic stroke in 2003.126 The study 
enrolled 33 patients (22 men) presenting to 
the emergency department within 24 hours 
of stroke onset, with a defi cit on an acute 
impairment scale—National Institutes of 
Health Stroke Scale score of less than 
23 (30 is maximum disability)—and without 
evidence of hemorrhage on computed to-
mography scanning. Those randomized to the 
HBOT arm received a single session (breath-
ing 100% oxygen for 60 minutes in a mono-
place chamber at 2.5 ATA), whereas those in 
the control arm received a sham treatment 
(breathing air at 1.14 ATA). Primary outcome 
measures included the percentage of partici-
pants with improvements at 24 hours and 
90 days. Secondary measurements included 
complications of treatment and mortality at 
90 days. Outcomes included mortality, ad-
verse effects of treatment, and changes in the 
National Institutes of Health Stroke Scale at 
24 hours and 90 days. Other functional and 
outcome scales performed in the study were 
the modifi ed Rankin Scale (90 days) and two 
outcome scales, the Barthel Index of activi-
ties of daily living (90 days) and the Glasgow 
Outcome Scale (90 days). No statistical differ-
ence was found at 24 hours. At 90 days, the 

sham group did better reaching statistical 
signifi cance in three of the four scales. It is 
possible that the poorer outcome in the 
HBOT group was related to the greater pres-
sure (2.5 ATA) used in the study.

With respect to treatment pressures, 
Holbach and coworkers127 determined that 
HBOT at 1.5 ATA was associated with the most 
normal respiratory quotient in the brain. That 
study measured carbohydrate metabolism as 
an indicator of cerebral well-being in cases of 
human head trauma and stroke, and found 
products of anaerobic metabolism at lower and 
higher pressures.127 In the clinical arena of 
cerebral I/R injury, HBOT may exert its impact 
by mechanisms different than those identifi ed 
in basic science studies, because greater treat-
ment pressures of 2.0 to 3.0 ATA have been 
most effective in limiting tissue damage. 
Another possible explanation is that there are 
signifi cant differences in tissue responses to 
HBOT, as well as likely differences between the 
human and animal species studied. Finally, the 
timing of HBOT administration during the 
reperfusion period represents a potentially 
important factor. Clinical trials cannot match 
the controlled timing of HBO application in 
basic science studies after I/R injury. The varia-
tion and delay of HBOT in human treatment 
may alter its effectiveness because the reperfu-
sion window may be narrow. The effectiveness 
of therapies with respect to the reperfusion 
window unfortunately is an often overlooked 
and under-reported phenomenon in I/R injury 
research and must be considered carefully 
when interpreting the results of clinical trials.

Myocardium

Cardiac Surgery and Acute 
Myocardial Infarction

Myocardial reperfusion injury is a phenome-
non observed after various procedures such 
as angioplasty, coronary bypass, and thrombo-
lytic therapy. The clinical application of HBOT 
in cardiac disease dates back to the 1960s 
when a personal experience using HBOT in 
several clinical scenarios including coronary 
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artery occlusion and blue infants with con-
genital heart disease was presented. In that 
decade, several clinical publications on HBOT 
in cardiovascular diseases appeared in highly 
respected medical journals. Moon and col-
leagues128 reported the fi rst human patient 
treated with HBOT for an acute myocardial 
infarction (AMI). The patient experienced 
development of cardiogenic shock refractory 
to drug therapy that improved signifi cantly 
when HBOT was given.

Five prospective, randomized, controlled 
studies published in this area are included in 
Table 9.2. The fi rst, by Thurston and investiga-
tors,129 recruited 208 patients with a strong 
clinical probability of AMI. A total of 103 pa-
tients received HBOT, and the remaining 
105 received standard therapy in a cardiac 
intensive care unit. The demographics were 
similar in both groups. However, patients with 
more severe conditions were allocated to the 
HBOT group, including seven in cardiogenic 
shock, all of whom survived. Compliance with 
the planned HBOT protocol was inconsistent. 
In addition, 22% of the patients in the HBOT 
group had limited or no exposure to HBO. 
Complications from HBOT were infrequent 
and minor in this study. The authors believed 
that the trend favoring HBOT justifi ed the 
routine use of HBOT in myocardial infarction.

The second randomized, controlled trial, by 
Swift and coworkers,130 was designed to evalu-
ate the potential for HBOT to improve function 
in hibernating myocardium (ischemic, viable 
muscle with the potential to resume contrac-
tion if reperfused). The study included 34 sub-
jects within 1 week of AMI. All patients were 
pressurized at 2 ATA, 10 patients receiving a 
fi nal gas mixture equivalent to inspired room 
air at pressure and the remaining 24 receiving 
100% oxygen. Each patient underwent transtho-
racic and transesophageal echocardiography 
immediately before and after treatments, and a 
myocardial viability study (thallium scintigra-
phy) was performed between 3 and 7 days after 
infarction. Left ventricular function was signifi -
cantly improved by HBOT compared with the 
sham group, and there was some overlap with 
viability as determined by thallium scintigraphy. 
Interpretation of echocardiography studies was 

blinded. The authors concluded that HBOT and 
echocardiography may identify hibernating 
myocardium and have the potential to predict 
improvement in left ventricular function with 
early intervention after infarction.

The Hyperbaric Oxygen Therapy for 
Myocardial Infarction (HOT MI) study, a multi-
center trial that included several hospitals in 
the United States and Europe, was designed to 
further assess the benefi t of thrombolysis in 
combination with HBOT in patients with 
AMI.131 A single-center pilot study conducted 
before the multicenter trial showed more 
rapid resolution of pain and ST-segment 
changes in patients who received HBOT in ad-
dition to thrombolytics.131 The multicenter 
trial included 122 patients with AMI admit-
ted within the fi rst 6 hours of onset of pain. 
Patients were randomized to receive throm-
bolytics only (n � 63) or thrombolytics 
combined with a single HBO treatment for 
120 minutes (2 ATA for 60 minutes plus 
30 minutes for compression and 30 minutes 
for decompression). Outcomes measured in-
cluded death, serial creatine phosphokinase 
MB, serial electrocardiograms, time to pain 
relief, and left ventricular ejection fraction. 
Only time to pain relief achieved a signifi cant 
P value (�0.001). Notably, because of the 
small sample, the study was not conducted in 
an intention-to-treat basis. The authors recom-
mend a larger sample to attain a suffi cient 
level of statistical evidence.

Sharifi  and colleagues132 reported a study to 
assess the value of HBOT in inhibiting resteno-
sis after percutaneous coronary intervention in 
AMI. Based on the invariably disruptive effects 
of percutaneous coronary intervention in the 
coronary wall, and the benefi cial effects of 
HBOT in wound healing, the authors hypothe-
sized that adjuvant HBOT would expedite heal-
ing of the miniature wounds caused by percu-
taneous coronary intervention, subsequently 
decreasing restenosis. This randomized, con-
trolled trial included patients with AMI or 
unstable angina, 33 patients in the HBOT arm 
and 36 in the control arm. Eligibility for enter-
ing the study included resolution of chest pain 
and normalization of ST-segment changes. The 
HBOT group received two treatments. End 
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points were calculated at 8 months and 
included death, myocardial infarction, coronary 
artery bypass, revascularization of target lesion, 
and late angina (after 8 months). Rates of revas-
cularization of target lesion, myocardial infarc-
tion, and late angina were statistically lower in 
the HBOT group. Restenosis was also lower in 
the HBOT group (P � 0.05).

Dekleva and investigators133 conducted a 
prospective, randomized trial that examined 
left ventricular function in patients with AMI 
treated with streptokinase or streptokinase 
and HBOT. Patients randomized to the HBOT 
group received a single treatment within 
24 hours of the onset of pain and then serial 
echocardiograms performed by a blinded 
interpreter. All patients had similar medical 
treatment during hospitalization. Patients in 
the HBOT group had a signifi cant decrease in 
end-systolic volume index and improved left 
ventricular ejection fraction. Using the same 
patient population, the same authors re-
ported no change on left ventricular cham-
ber stiffness in the HBOT arm.

It is somewhat diffi cult to interpret the 
results of HBOT effects on clinical studies of 
myocardial I/R injury because HBOT has 
been applied during various phases of the 
reperfusion period. The inconsistency of the 
timing of applied HBOT makes it impossible 
to correlate mechanisms and outcomes with 
the effects observed in basic science studies. 
This heterogeneity has likely contributed to 
the conclusion in a review that routine 
application of HBOT in acute coronary syn-
drome was not justifi ed.134 Overall, basic 
studies suggest that hyperoxia delivered early 
in the reperfusion phase is benefi cial. Recent 
technology has been developed that is capa-
ble of delivering blood, hyperoxygenated to 
the same degree achieved with HBOT, locally 
via a catheter-based system.135 This approach 
may reduce some of the logistical issues with 
HBOT after a reperfusion intervention (trans-
fer of patient to the hyperbaric chamber) 
and still maintain the local benefi cial effects 
of hyperoxia without the systemic effects 
of oxygen toxicity.135 Further studies are 
required to defi ne the mechanistic role of 
HBOT in myocardial I/R.

Transplantation

HBOT may facilitate organ transplantation 
through limitation of I/R injury that repre-
sents a frequent complication of this proce-
dure. Several positive animal studies on HBOT 
in transplantation were published in the 1960s. 
These studies combined hypothermia and 
HBOT for preservation of solid organs.136–138 
Despite the successful results of these investi-
gations, the use of HBOT in clinical transplan-
tation is limited. A setting that has had some 
success with adjuvant HBOT is hepatic artery 
thrombosis in pediatric liver transplant pa-
tients. Mazariegos and investigators139 re-
ported on a series of 31 pediatric patients 
who experienced development of hepatic ar-
tery thrombosis within the fi rst 10 days after 
a liver transplant. The diagnosis of hepatic 
artery thrombosis was made by Doppler ultra-
sound. All patients were treated with intrave-
nous antibiotics and drainage of hepatic 
abscesses or bile duct strictures and listed for 
retransplantation. Seventeen patients received 
adjuvant HBOT started within 24 hours of the 
diagnosis or immediately after the revascular-
ization attempt. HBOT was given twice a day 
and continued until resolution of signs of liver 
ischemia resolved (absence of fever, normal-
ization of liver injury tests, recanalization of 
hepatic artery collaterals on ultrasound) or for 
2 weeks. Fourteen patients constituted a his-
torical control group. Demographics were 
similar in both groups. Survival and retrans-
plantation rates were similar in both groups. 
However, HBOT signifi cantly increased the 
time to retransplantation, and the histopatho-
logic fi ndings of the explanted liver allografts 
in the HBOT group had less necrosis than the 
non-HBOT group.
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OUR PHYSIOLOGIC RANGE 
OF TOLERABLE PRESSURES

In a general way, the benign or harmful gases 
(oxygen, carbonic acid, etc.) act on living 
beings only according to their tension in the 
surrounding atmosphere, a tension which is 
measured by multiplying their percentage by 
the barometric pressure; the increase in one 
of these factors can be compensated for by 
the decrease of the other.

—Paul Bert (1878), La Pression Barométrique

English translation by Hitchcock and 
Hitchcock (1943),1 page 1037

Barometric Pressure

The importance of barometric pressure (PB) as 
a physiologic stimulus was fi rst described in 
1878 by Paul Bert in his historical tome Baro-
metric Pressure. Researches in Experimental 
Physiology.1 The fundamental physiologic rela-
tion he identifi ed between PB and the percent-
age of gas is recounted in the above quotation 
and can be related to the applications of 
hyperbaric oxygen therapy (HBOT).2
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Although the majority of medical problems 
encountered in hyperbaric medicine and div-
ing medicine are attributed to increased gas 
partial pressures during descent (increased PB; 
Fig. 10.1) or decreased gas partial pressures 
during ascent (decreased PB), there is always 
the potential that the change in PB alone will 
have an additional effect on the human animal 
at the level of the organ, tissue, and cell. For 
example, Boyle’s Law predicts that increasing 
or decreasing the pressure-applied force 
against the surface of the body will, respec-
tively, decrease or increase the volume of gases 
contained in our lungs, stomach, and other gas-
fi lled cavities. Changes in PB will also infl uence 
the density of the gases we breathe and, thus, 
airway resistance during ventilation. At the 
cellular level, pressurizing the surface of the 
body will likely produce differential compres-
sion of various fi ne structural, nonfl uid compo-
nents of cells, including the lipid bilayer, 
cytoskeleton, and membrane-bound proteins, 
thereby altering various cellular functions.3,4 
In some instances, the physiologic effects of 
hyperbaric pressure per se are well known, 
such as in the case of high-pressure nervous 
syndrome (HPNS), which occurs in deep 
divers beyond 10 to 15 atmospheres absolute 
(ATA).5 In other instances, the physiologic 
effects of hyperbaric pressure per se are less 
well known or have yet to be studied and 
described.6

Regarding studies on the effects of hyper-
baric pressure per se, there are two general 
defi ciencies that need to be acknowledged 
and addressed in the fi eld of hyperbaric phys-
iology. First, many investigators do not attempt 
to run the necessary controls to distinguish 
between the potential effects of hyperbaric or 
hydrostatic pressure per se and the narcotic 
effects of the gas used to pressurize a system.6 
In other words, it is necessary to differentiate 
the potential effects of hyperbaric N2 (inert 
gas narcosis), hyperbaric O2 (oxidative stress), 
and CO2 retention (respiratory acidosis and 
ultimately neurotoxicity) from the potential 
effects of hydrostatic or gas compression. Sec-
ond, the majority of studies that have separated 
the effects of hyperbaric pressure per se from 
the narcotic effects of specifi c gas species, 

and their various reaction products (e.g., reac-
tive O2 and N2 species, H� ions), have used 
extraordinarily high supraphysiologic levels 
of pressure in excess of 100 and 200 ATA 
(many of these studies have been reviewed 
and are discussed in the literature4,6–12). This 
is especially true of in vitro studies of cellular 
function at hyperbaric pressure and, in par-
ticular, the majority of studies designed to 
study the cellular and molecular mechanisms 
underlying HPNS.7,9–11,13–19 Although such 
studies are appropriate for understanding the 
effects of hyperbaric pressure as a thermody-
namic intensity parameter,3,4 it is diffi cult 
to extrapolate these data (��100 ATA) to 
predict the physiologic effects of pressure 
encountered with HBOT (up to approximately 
3 ATA) or in undersea environments (up to 
approximately 70 ATA)6,8 (see Fig. 10.1). This 
is especially true because it appears likely that 
different signaling mechanisms are involved 
in expression of cellular barosensitivity de-
pending on the relative range of PB (small to 
moderate levels of pressure vs. supraphysio-
logical levels of pressure).3,4,6 Consequently, 
the physiologic effects of moderate levels 
of hyperbaric pressure that are encountered 
in hyperbaric medicine are only now being 
elucidated.20,21

Because humans live, work, explore, and 
recreate in a large continuum of PB-applied 
forces, which include environments of both 
gas pressure– and hydrostatic pressure–applied 
forces, this chapter briefl y reviews the range 
of ambient pressures encompassed by these 
activities. What then is the range of physiologi-
cally tolerable pressures that challenges our 
human physiology?

Hypobaric Pressure

Much of the world’s population lives at 
or slightly above sea level. Most humans, 
therefore, are adapted to PB of approximately 
1 ATA or normobaric pressure. Any environ-
ment that is defi ned by PB signifi cantly less 
than that at sea level is referred to as a “hypo-
baric environment.” The highest living perma-
nent population of humans recorded live in 
the Andes Mountains in northern Chile in the 
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village of ‘Quilcha at 17,500 feet above sea 
level.22 Here, PB has decreased to approxi-
mately half of what it is at sea level, or 0.51 
ATA. Each day, workers living in ‘Quilcha 
ascend an additional 1500 feet up the moun-
tain to work in the sulfur mines at 19,000 feet 
(PB � 0.48 ATA). They do not live at the same 
altitude as the sulfur mine because it is sim-
ply too high to live comfortably on a perma-
nent basis. These high-altitude inhabitants, 
however, have adapted well to their hypo-
baric and hypoxic environment at 17,500 
feet, as discussed elsewhere.23–25 This altitude 
(17,500 feet, PB 0.51 � ATA), therefore, ap-

pears to be the lowest level of PB-applied 
force that humans can live at permanently. It 
is unlikely that the limiting factor that pre-
vents living permanently at higher altitude is 
hypobaric pressure per se. Rather, it is likely 
the result of chronic hypoxia and its physio-
logic consequences for hematocrit, cardiac 
effi ciency, and cardiorespiratory health.23,25

For most other people, the only other 
means of subjecting oneself to even greater 
hypobaric pressure, for comparatively short 
periods, is by artifi cial means using manmade 
equipment to overcome the oxygen want of 
high altitude. For example, the summit of 
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Figure 10.1 Physiologically tolerable hyperbaric pressures encountered by humans breathing air and various hyper-
baric gas mixtures (left), the neurologic problems that can result (middle), and the proposed stimulus affecting 
neuronal function (right). Hyperbaric environments are encountered in hyperbaric oxygen therapy (HBOT), compressed 
air work (e.g., subterranean tunneling), diving medicine, and disabled submarine accidents. By breathing an assort-
ment of gas mixtures (nitrox, heliox, hydreliox), to avert the narcotic and toxic effects of N2 and O2, as well as the 
direct effects of hydrostatic compression on the central nervous system, humans are able to inhabit hyperbaric 
environments ranging from more than 1 to approximately 70 atmospheres absolute (ATA) pressure. At extreme hyper-
baric pressures (�100 ATA), pressure becomes a tool that can be used to perturb biologic systems (in vitro) by 
altering protein conformations, membrane fl uidity, and confi guration of the cytoskeleton. Humans and most mammals, 
however, have never occupied this extreme range of ambient pressure. The question mark (?) emphasizes the point 
that few studies have examined the effects of moderate levels of hyperbaric pressure per se on cellular barosensitivity, 
particularly in the range of pressure used during HBOT. HPNS, high-pressure nervous syndrome; PCO

2
, partial pressure 

of CO2; PN2, partial pressure of N2; PO2, partial pressure of O2; ROS, reactive oxygen species; SCUBA, self-contained 
underwater breathing apparatus. (Reprinted from Dean JB, Mulkey DK, Garcia III AJ, et al: Neuronal sensi-
tivity to hyperoxia, hypercapnia and inert gases at hyperbaric pressures. J Appl Physiol 95:883–909, 
2003, by permission of The American Physiological Society.)
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Mount Everest reaches up to an altitude of 
29,029 feet where PB is 0.31 ATA. Although 
some adventurers and physiologists have 
reached the summit of Mount Everest with-
out oxygen,26 most mountaineers who con-
quer Earth’s highest peak require supplemen-
tal oxygen to meet the metabolic demands of 
the climb.27 Likewise, during World War II, 
before customary use of pressurized aircraft,28 
aviators ascended to altitudes above 20,000 
to 35,000 feet in unprecedented numbers to 
wage warfare. Without supplemental breath-
ing oxygen, the time for useful consciousness 
at 26,000 feet was only 4 to 6 minutes; at 
30,000 feet, it decreased to only 1 to 2 minutes; 
and at 38,000 feet, it was a mere 30 seconds 
or less before the aviator succumbed to hypo-
baric hypoxia.29,30 The only way that humans 
could survive at these altitudes was by breath-
ing pure oxygen with demand oxygen breath-
ing equipment.29,30 With this method, aviators 
were exposed to 0.46 ATA at 20,000 feet and 
0.24 ATA at 35,000 feet for extended periods, 
which frequently caused high-altitude de-
compression sickness.29,31 To achieve even 
higher altitudes and survive even lower 
barometric and oxygen pressures, aviators 
breathed pure oxygen delivered with posi-
tive pressure (�15 to �25 mm Hg) to in-
crease inspired PO2 and maintain conscious-
ness for fl ight up to 50,000 feet.32 Today, 
pressure breathing oxygen masks supply pure 
oxygen at pressures up to �60 to �70 mm Hg 
to enable escape from even higher altitudes 
of 60,000 to 72,000 feet after loss of cabin 
pressure.32 In these emergencies, the aviator 
is equipped with a partial pressure suit to 
minimize the deleterious effects of low PB on 
the body at extreme altitude.33 Unlike the 
Chilean residents of ‘Quilcha who live perma-
nently at extreme altitude, without benefi t 
of oxygen masks and pressure suits, these 
adverse hypobaric environments can be 
penetrated and tolerated for only short peri-
ods by pilots wearing survival gear that 
protect them against the deleterious effects 
of low pressure–applied forces (decompres-
sion sickness), low O2 content (hypoxia), and 
extreme cold.

Hyperbaric Pressure

Conversely, hyperbaric pressures in excess of 
1 ATA do not occur naturally; that is, humans do 
not live under hyperbaric conditions. Nonethe-
less, many medical personnel, military person-
nel, civilians, and patients routinely encounter 
hyperbaric conditions in their daily work and 
recreation practices.6 For example, today’s mod-
ern diving gear and breathing gas mixtures en-
able humans to ascend to great depths, espe-
cially when care is taken to avert the physiologic 
problems of breathing hyperbaric air and oxy-
gen-enriched air, which includes nitrogen nar-
cosis and oxygen toxicity (see Fig. 10.1). As the 
diver descends beneath sea level, ambient pres-
sure increases to greater than 1 ATA by the 
weight of the overlying column of water added 
to that of the Earth’s atmosphere. The weight of 
a column of water at a depth of 33 feet of sea 
water (fsw; or 10 meters of sea water [msw]) is 
1 additional atmosphere. Thus, at 33 fsw, PB � 
2 ATA, which is 1 atmosphere of air pressure 
plus 1 atmosphere of water pressure. At 66 fsw, 
PB � 3 ATA, or 1 atmosphere of air pressure and 
2 atmospheres of water pressure; and at 99 fsw, 
PB � 4 ATA, or 1 atmosphere of air pressure plus 
3 atmospheres of water pressure, and so forth. 
The effects of true hydrostatic compression of 
the body can be mimicked in treatment and 
research hyperbaric chambers by using a gas 
such as oxygen, air, or helium as the compres-
sion medium. In the latter two cases, oxygen is 
supplied via the breathing gas mixture that is 
administered to the person/patient in parallel 
with the gas species or mixture used to com-
press the chamber.

Using specialized life-support equipment, 
humans have explored ocean depths as great as 
2300 fsw, exposed to a hydrostatic pressure–
applied force of approximately 70 ATA.34 Only 
a handful of highly trained individuals, however, 
have encountered such extreme levels of com-
pression. Less severe pressures are the norm for 
many people who undergo HBOT, which typi-
cally reaches a maximum of approximately 
3 ATA.2,35 Dean and colleagues6 have summa-
rized a variety of normal and catastrophic con-
ditions in which humans encounter moderate 
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levels of hyperbaric pressure that range up 
to 5 ATA.

To respond to the original question raised 
earlier—that is, what is the range of physio-
logically tolerable pressures that challenges 
our human physiology?—we would have to 
answer that without benefi t of a pressure 
suit or a pressurized cabin, it ranges from an 
altitude of approximately 50,000 feet (PB � 
0.11 ATA) to a depth of 2300 feet (PB � 
70 ATA) beneath the ocean’s surface. An 
approximately 700-fold increase in the 
PB-applied force against the body! The caveat 
is that these extremes in altitude and ocean 
depth can only be reached and tolerated us-
ing specialized oxygen breathing equipment. 
Obviously, encasing the human body in a 
pressure suit or pressure cabin, thereby pro-
viding further protection against the pres-
sure-applied forces beyond these tolerable 
extremes, enables humans to exploit even 
greater altitudes and depths.

Gas Partial Pressures

Although this chapter focuses on the physio-
logic effects of pressure per se, emphasizing 
moderate levels of hyperbaric pressure of 
5 ATA or less, it is worthwhile to briefl y sum-
marize the effects of gas partial pressures on 
the body. It is only when these additional 
effects of hyperoxia, narcosis, and respiratory 
acidosis are controlled for that the effects of 
hyperbaric pressure alone can be determined 
in an animal or in vitro biologic system. 
Because the immediate signs of breathing hy-
perbaric gases usually manifest as disorders of 
normal brain function, for example, neurocog-
nition, muscular control, and abnormal cardio-
respiratory control, this brief overview focuses 
on the neurologic effects of hyperbaric gases.

Figure 10.1 shows the broad range of 
hyperbaric pressure over which the human 
body can function. It also indicates the type 
of work environment and threshold baromet-
ric or ambient pressures at which particular 
neurologic problems begin while breathing a 
specifi c gas or mixture of gases. The indi-

cated thresholds are approximated from a 
review of the available literature, and it is im-
portant to recognize that interindividual and 
intraindividual variability exists that depends 
on other mitigating conditions, such as im-
mersion and CO2 retention, among other 
conditions.6 Figure 10.1 also underscores the 
fact that both gas partial pressures and hyper-
baric pressure per se can affect neurologic 
function. Presumably, the same can be said 
for any organ system in the body.

Beginning at sea level (PB � 1 ATA) and 
descending while breathing air, a person can 
suffer CO2 toxicity36 and N2 narcosis.34 Notice 
that CO2 toxicity can occur as early as sea level 
pressure (normobaric pressure) if the frac-
tional concentration of end-tidal CO2 becomes 
increased by breathing a gas mixture contami-
nated with CO2. Normally, inspired CO2 has a 
fractional concentration of essentially zero and 
an end-tidal CO2 of approximately 35 to 40 torr. 
Initially, as inspired CO2 is increased, cardiore-
spiratory activity is likewise increased by stim-
ulation of central and peripheral chemorecep-
tors.37,38 Continued breathing of up to 10% 
to 15% CO2 increases end-tidal CO2 to 50 to 
70 torr, producing confusion, drowsiness, dizzi-
ness, irrational behavior, and impaired short-
term memory.36,39 Inspiring 30% CO2 can pro-
duce seizures,40 and breathing �70% to 75% 
CO2 results in ataxia and anesthesia.36,41 
Extended breathing of more than 70% CO2 
results in death because of narcotic depression 
of the cardiorespiratory centers.41,42

In contrast, nitrogen in air (0.79) is essen-
tially inert, physiologically speaking, until 
ambient pressure increases to approximately 
4 ATA. The relatively higher pressure thresh-
old for N2 narcosis, as compared with CO2 
toxicity, is thought to be caused by the com-
paratively lower lipid solubility of N2 than 
CO2 and, thus, lower permeability of the 
plasma membrane and expansion of the 
plasma membrane of neurons.6,43 The effects 
of hyperbaric N2 depend on the molecular 
properties of the gas, whereas the central 
effects of hyperbaric CO2 depend on the mo-
lecular properties of the gas and its second-
ary reaction product, H� (pH).6 Obviously, 
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in the case of CO2, it is diffi cult to distinguish 
the effects of pH from those of molecular 
CO2 because there is a concomitant parallel 
change in bicarbonate with protons. Recently, 
however, Hartzler and colleagues44 have de-
vised a method for studying the effects of 
molecular CO2 on neuronal activity that oc-
curs independently of changes in intracellu-
lar pH and bicarbonate concentration, which 
will help to address this issue.

Figure 10.1 also illustrates that breathing 
pure oxygen at 3 ATA or less is the standard 
protocol for HBOT, as discussed elsewhere in 
this book. What limits the use of hyperbaric 
oxygen in clinical medicine is the need to 
avert oxygen toxicity, of which the central 
nervous system (CNS), pulmonary system, and 
retina are highly vulnerable.45 Of these three 
tissues, CNS oxygen toxicity is the most press-
ing because it can occur quickly whenever 
breathing 2 ATA O2 or more with little to no 
warning, producing violent seizures.6,45 Hy-
perbaric oxygen seizures may be preceded by 
a series of autonomic, motor, and cardiorespi-
ratory signs, including hyperventilation, dysp-
nea, bradycardia, and perturbed cardiorespira-
tory refl exes.46–48 These signs, however, are 
not always guaranteed to occur, making it dif-
fi cult to predict onset of an impending oxy-
gen toxicity event. Although there is likely an 
effect of molecular oxygen on the physical 
properties of the plasma membrane of cells, 
the deleterious effects of protracted hyper-
baric oxygen breathing on neurons and their 
synapses are generally attributed to the forma-
tion of various reactive oxygen and nitrogen 
species and their highly reactive derivatives 
that can oxidize various proteins and organ-
elles to disrupt normal cellular functions.6,49

Finally, Figure 10.1 highlights the effects of 
hyperbaric pressure per se on the mammalian 
CNS. Notice that the excitatory effects of hy-
perbaria on the CNS are manifest after breath-
ing specialty gas mixtures—nitrox, heliox, and 
hydreliox—to prevent onset of oxygen toxic-
ity, nitrogen narcosis, and HPNS. These gases 
use various mixtures of nitrogen, helium, and 
hydrogen for dives made beyond 4 ATA; they 
are discussed in detail elsewhere.6,34 Breathing 
compressed nitrox, heliox, or hydreliox en-

ables a diver to penetrate tremendous depths 
of up to 70 ATA.34 What limits diver perfor-
mance at these depths is the direct effect of 
hydrostatic compression on the CNS, produc-
ing increased neural activity that results in 
tremors. The constellation of signs that present 
at PB greater than 10 to 15 ATA is called HPNS, 
which has been studied extensively and is 
reviewed elsewhere.5,6,34 Figure 10.1 also illus-
trates that many in vitro studies have focused 
on ambient pressures in excess of 100 ATA. 
Comparatively much less work has been done 
over the range of moderate pressure that 
humans routinely encounter. The remainder of 
this chapter addresses the following question: 
What are the physiologic effects on cells and 
organ systems of moderate levels of pressure 
(�5 ATA), which includes the range of hyper-
baric pressure that occurs during HBOT?

COMPRESSION MEDIA

Air and Oxygen: Hyperbaric 
Oxygen Therapy

Boyle’s Law predicts that hyperbaric envi-
ronments will present many physiologic 
challenges for gas-fi lled organs such as the 
lungs, hollow viscera, and cranial sinuses and 
cavities, especially when resurfacing from the 
dive. When exposed to hyperbaric pressure, 
the soft tissues are believed to behave as a 
fl uid, rapidly transmitting any pressure-applied 
force against the surface of the body to the 
various adjoining fl uid-fi lled tissue compart-
ments. This, in turn, is believed to rapidly abol-
ish any hydrostatic pressure gradients across 
body structures and compartments, but pre-
sumably results in hydrostatic compression of 
the various fl uid-fi lled compartments includ-
ing the cerebrospinal fl uid, vascular system, 
and extracellular and intracellular fl uid com-
partments in parallel with the exterior of the 
body.6 Obviously, under these conditions, it is 
expected that any effects of hyperbaric pres-
sure per se will be diffi cult to distinguish from 
the concomitant increase in alveolar and, thus, 
tissue PO2, which, after all, is the rationale for 
HBOT. The few studies that have been done at 
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pressures associated with HBOT, however, in-
dicate that measurable effects do occur in 
certain organ systems and cells.

Helium versus Hydrostatic 
Compression

Immersing the body underwater and breath-
ing with a self-contained breathing apparatus 
(SCUBA) exposes the body’s exterior to true 
hydrostatic compression. To identify the 
effects of hyperbaric pressure per se on intact 
animals (including humans) or, alternatively, 
reduced tissue and cellular preparations, it is 
common practice to pressurize the atmo-
sphere surrounding the organism or in vitro 
tissue preparation with pure helium.6 In this 
case, the oxygen required to sustain cellular 
metabolism and life (normoxia) is supplied in 
the breathing gas mixture that is delivered in 
parallel to the organism’s lungs. Alternatively, 
if the study of hyperbaric pressure per se is 
being done in a reduced tissue/cellular prepa-
ration, then oxygen is dissolved in the buffer 
solution at normobaric pressure and pumped 
into the hyperbaric chamber and superfused 
over the submerged tissue/cells maintained 
in a tissue bath.6,50 In the latter scenario, on 
closure of the hyperbaric chamber, all of the 
air (21% O2 � 79% N2) trapped inside the pres-
sure vessel is fl ushed out and replaced with 
pure helium (� 0% O2 and N2) at normobaric 
pressure before commencing helium pressur-
ization. Thus, during the ensuing helium com-
pression, no additional oxygen is driven into 
the superfusate and tissue because the overly-
ing atmosphere inside the chamber is anoxic. 
All of the oxygen required to sustain the 
tissue/cells has been dissolved in the superfus-
ate at normobaric pressure before pumping 
it inside the chamber using a high-pressure 
liquid chromatography pump. In fact, the 
anoxic compression medium establishes a dif-
fusion gradient in which oxygen diffuses out 
the superfusate as it fl ows over the tissue/cells. 
This small reduction in O2 content of the 
superfusate is offset, however, by the constant 
delivery of fresh, oxygenated buffer solution 
to the tissue/cellular preparation.6,50,51

How well does helium compression com-
pare with true hydrostatic compression as a 
method for studying barosensitivity? Helium 
has the lowest solubility in lipid membranes 
compared with the other clinically relevant 
gases (order of increasing lipid solubility: CO2 
�� O2 � N2 ��� He).43 Consequently, it is 
believed that there are no measurable differ-
ences between the two modes of compression 
over the range of physiologically tol erable 
pressures.12,52 Thus, using helium compression 
under conditions of normoxia is an important 
experimental protocol for revealing the effects 
of hyperbaric pressure per se on the body, tis-
sue, and cell, especially in the range of more 
than 1 to 3 ATA, as used in HBOT.

At much higher levels of hyperbaric pres-
sure, in excess of 100 ATA, helium exerts lim-
ited narcotic potency despite its low lipid 
solubility. Given that this range of pressure 
exceeds that encountered by humans, it will 
not be considered further here.6,8 For a 
detailed review of helium versus hydrostatic 
compression as used for basic science re-
search, we refer you to topics in Appendices A 
through D in Dean and colleagues’ article.6

PRESSURE-SENSITIVE 
(BAROSENSITIVE) CELLS

Pressure per se as a Stimulus

Many of the previous studies designed to 
reveal the cellular and molecular effects of 
hyperbaric pressure per se have focused on 
levels of ambient pressure that exceeded the 
range of physiologically tolerable pressures 
for humans.6,8 In these extreme cases, hyper-
baric pressure acts as a thermodynamic inten-
sity parameter, which is predicted to affect 
various thermodynamic reactions, and thus 
cellular processes.4,7,9–11 The relations be-
tween pressure and both the molar volume 
change in the free energy reaction and the 
activation volume for the rate-limiting step of 
a reaction are reviewed elsewhere.3,4,6,7 For 
reactions with small changes in molar volume 
and activation volume, a large pressure (�100 
ATA) will signifi cantly perturb the equilibrium 
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and rate of reaction. At lower levels of pres-
sure, it has been proposed that the thermody-
namic and kinetic effects would be too small 
to cause physiologically relevant changes in 
the equilibria and rate of reactions.3,4

Alternatively, it is hypothesized that a me-
chanical process that involves localized shear 
and strain forces between adjoining cellular 
fi ne structures will produce differential com-
pression of the nonfl uid, fi ne structural com-
ponents of cells. For example, the proteins 
that form the ionic channels and conduct 
ionic currents and molecules, including water, 
are affi xed and penetrate the lipid bilayers 
forming the plasma membrane.53–56 Adjoined 
to these protein structures is the underlying 
cytoskeleton.57 A change in the confi guration 
of one of these fi ne structures during hydro-
static compression will undoubtedly perturb 
any adjoining structure to which it is mechan-
ically coupled. In this way, moderate levels of 
hyperbaric pressure could alter cellular func-
tion.3,4 In this context, it is seems likely that 
mechanosensitive ion channels are likely can-
didates for sensing changes in the stress and 
strain forces exerted between the plasma 
membrane, ion channels, and cytoskeleton 
during hydrostatic compression.58,59 This hy-
pothesis, however, remains to be tested.

Examples of Barosensitive Cells

Physiologic studies of single cells and popula-
tions of cells are typically done under in vitro 
conditions for purposes of physical stability 
for measurements of cellular function and so 
the investigator can manipulate the composi-
tion of the extracellular fl uid that bathes the 
reduced tissue/cell preparation. One of the 
reasons that so little information is known 
about the effects of hyperbaric pressure per 
se on cellular physiology is that such studies 
are constrained by the need of a hyperbaric 
chamber for pressure containment. Thus, 
the studies become technically challenging 
because specialized equipment has to be 
adapted to the pressure vessel. Moreover, the 
equipment and cellular/tissue preparation 
must by operated and manipulated by remote 

control once the chamber is sealed. Similarly, 
maintaining an anesthetized and instrumented 
animal inside a sealed pressure vessel is tech-
nically feasible but not a simple task.46,60,61

Several laboratories have succeeded at adapt-
ing cutting-edge cellular research tools to the 
hyperbaric environment so that new insight is 
being gained as to the effects of hyperbaric 
pressure per se on cellular function.18,19,50,62–67 
These same techniques have been used to 
study CNS oxygen toxicity,37,51,67–69 nitrogen 
narcosis,70,71 and HPNS.7,16,18,19,72–78 Recalling 
that many of the early effects of breathing 
hyperbaric gases present as neurologic dysfunc-
tion (see Fig. 10.1), we have focused our own 
studies of cellular barosensitivity on the electri-
cal signaling of neurons in a rat brain tissue slice 
preparation.21 Using this popular in vitro prepa-
ration of the CNS, we have found that moderate 
levels of hyperbaric pressure (helium comp-
ression � 4 ATA) at constant oxygen, pH, and 
temperature will stimulate the genesis of action 
potentials by neurons in the dorsal brainstem 
(Fig. 10.2A). These changes in action potential 
generation—the so-called fi ring rate of the 
neuron—increase in frequency and correlate 
with an increase in membrane net conduc-
tance; that is, ion channels conducting a 
net inward depolarizing current are opening 
and causing increased fi ring rate.6,21 Likewise, 
Figure 10.2B shows a similar response to 
20 ATA helium pressure at constant O2, pH, and 
temperature. Notice that the greatest change in 
fi ring rate occurs early on during the fi rst 1 to 
5 ATA of helium compression. The stimulatory 
effect of hyperbaric pressure is retained during 
blockade of chemical synaptic transmission 
(not shown), indicating that barosensitivity is 
an intrinsic membrane property that is retained 
in the absence of synaptic input.21 The signifi -
cance of barosensitivity in the brainstem 
remains to be determined, but it may be that 
these dorsal medullary neurons, which belong 
to part of the cardioinhibitory center, contrib-
ute to the bradycardia caused by pressure per 
se that has been reported in humans.20 It is also 
possible that pressure, like temperature, acts as 
an environmental stimulus that determines 
how the organism adapts to changes in its 
envi ronment.21,79
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BAROSENSITIVITY OF SYSTEMS 
PHYSIOLOGY

Although it is clear that many studies have 
examined the effects of moderate levels of 
hyperbaric pressure on the body—that is, PB 
� 5 or 6 ATA—many of these studies did not 
unequivocally differentiate the physiologic 
effects of hyperoxia, nitrogen narcosis, or 
CO2 retention from those of hyperbaric pres-
sure per se. In addition, many other studies 
that did focus on the physiologic effects of 
hyperbaric pressure per se did so using levels 
of pressure way beyond 5 to 6 ATA. Thus, the 
following discussion focuses on the most re-
cent work in which the possible physiologic 
effects of moderate levels of hyperbaria could 

be tested. The evidence suggests that hyper-
baric pressure of 4 to 6 ATA does have an 
effect on certain physiologic systems that oc-
curs separately from the effects of gas partial 
pressure that need to be considered during 
exposure to pressure and, most importantly, 
require further study.

Respiration

Hyperbaric environments challenge the respi-
ratory system primarily by increasing the den-
sity of inspired and expired gases, and thus 
causing greater airway resistance. This, in turn, 
results in an increased work of breathing that 
decreases work performance during exer-
cise.80–82 During expiration, increased airway 
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Figure 10.2 Examples of two barosensitive neurons in the solitary complex of the dorsocaudal medulla oblongata 
(rat brain tissue slice, 300 �m in thickness, 36–37�C) that were stimulated by hyperbaric helium at constant O2, pH, 
and temperature, as reported by Mulkey and colleagues.21 Intracellular recordings from two different neurons showing 
that 3 (A) and 20 ATA of helium compression (B) decrease input resistance and stimulate neuronal fi ring rate in 
a reversible manner. B, The neuron was maximally stimulated during the initial 1 to 5 ATA of helium compression. 
In these two experiments, input resistance was measured by using brief constant amplitude hyperpolarizing current 
pulses (superimposed voltage traces in A and B). Based on Ohm’s Law (voltage � current 	 resistance), the change 
in membrane potential during hyperpolarizing current injection through the microelectrode and across the cell 
membrane is proportional to the change in input resistance (membrane resistance) and inversely proportional to the 
membrane conductance. Therefore, the decrease in input resistance measured during exposure to hyperbaric pres-
sure per se (using helium) is indicative of an increase in net membrane conductance; that is, there is a net opening 
of membrane channels resulting in depolarization and stimulation of these neurons during helium compression. Ac-
tion potentials are truncated in membrane potential traces in A and B. (Reprinted from Dean JB, Mulkey DK, 
Garcia III AJ, et al: Neuronal sensitivity to hyperoxia, hypercapnia and inert gases at hyperbaric 
pressures. J Appl Physiol 95:883–909, 2003, by permission of The American Physiological Society.)
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resistance will lead to dynamic compression of 
airways and larger end-expired lung volume.82 
Under the physical demands of exercise, this 
often results in dyspnea from respiratory mus-
cle fatigue.81 In addition, contributing factors 
such as poor diffusion of gases because of 
increased gas density causes even greater de-
mands on respiratory muscles. Thus, increased 
respiratory effort is necessary to sustain venti-
lation in hyperbaric environments, which 
causes fatigue of inspiratory muscles and ulti-
mately hypoventilation and CO2 retention.82 
It is unknown whether respiratory muscles 
are directly affected by moderate levels of 
hyperbaric pressure (�6 ATA) because most 
muscle studies are done at high levels of 
hyperbaria (�50 ATA). The limited data sug-
gest that 4 to 6 ATA causes voluntary muscle 
torque loss and decreased contractile velocity 
in skeletal muscles.81 Thus, pressure may at-
tenuate the neural drive for voluntary muscle 
contraction. No evidence to date, however, 
demonstrates that hyperbaric pressures at 6 
ATA impair myofi lament kinetics with tetanic 
stimulation (i.e., nonvoluntary; 2–40 Hz).83 In 
support of this theory is the observation, in 
isolated in vitro prepa rations, that pressures as 
high as 10 MPa (100 ATA) have little effect on 
muscle structure or function, as measured by 
Ca2� homeostasis and ionic conductance of 
sodium and potassium currents. However, su-
praphysiologic levels of hydrostatic pressure 
(�20 MPa or �200 ATA) perturb ionic homeo-
stasis and impair muscle contraction.84

Cardiovascular System

In humans, an increase in hydrostatic pressure 
of only 5 ATA causes a signifi cant bradycar-
dia.20 Mulkey and investigators21 found that 
neurons in the dorsal motor nucleus of vagus 
and nucleus tractus solitarius are stimulated by 
4 ATA or less of helium (see Fig. 10.2). Because 
these neurons are located in part of the cardio-
inhibitory center in the brainstem, they may 
underlie the hyperbaric refl ex bradycardia that 
Linnarsson and coworkers20 reported. Rats, 
however, exposed to 5 ATA ambient pressure 
(PN2 � 4.8 ATA; PO2 � 0.2 ATA) demonstrated 

an increased myocardial blood fl ow but no 
change in unchanged cardiac output, mean 
arterial pressure, and heart rate.85 These stud-
ies concluded that there was a pressure-
dependent increase in myocardial perfusion 
that occurred independently of gas composi-
tion, and that changes were not due to the 
effect of N2 or helium. These cardiovascular 
changes are likely mediated, in part, by a 
hyperbaric-induced increase in catecholamine 
secretion.86,87 In support of this hypothesis is 
the observation that under hyperbaric condi-
tions the noradrenaline-induced contraction 
of rat aorta in vitro is greatly enhanced.88 
Furthermore, at lower pressures of sustained 
hyperbaria (48 hours; 4–11 ATA), nearly all 
divers experience 24 hours of postdecom-
pression tachycardia (90–108 beats/min), 
which often persists 24 hours after surfac-
ing.89 In addition, human studies at relatively 
high pressures (3.1 MPa, 4.1 MPa) have shown 
an augmentation of sympathetic nervous sys-
tem activity, as measured by plasma epineph-
rine and norepinephrine levels, especially in 
the early postdive period.86

Renal System

Pressure-induced changes in renal physiology 
are likely to affect cardiovascular function 
through hemodynamic changes. Hyperbaric 
diuresis is well documented,90–93 but few stud-
ies have attempted to elucidate the mechanisms 
for this response. It is well known that atrial 
natriuretic peptide increases in response to 
immersion of the body in water94,95 after activa-
tion of atrial stretch from the altered central 
distribution of intravascular fl uid. The pressure-
induced hypervolemia from water immersion 
stimulates atrial natriuretic peptide secretion 
from the atrial myocytes, which ultimately 
reduces the water and Na� levels so as to 
decrease (normalize) blood pressure. Diuresis 
(�500 mL/day) is experienced during “dry” 
saturation diving (15–50 ATA) and is associated 
with a decrease in urine osmolality from 
reduced water reabsorption. This response is 
characterized by a decrease in antidiuretic hor-
mone, increased aldosterone,92 and a sharp 
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increase in atrial natriuretic peptide.90,91,93 The 
paradoxical increase in aldosterone is triggered 
from decreased plasma volume that occurs dur-
ing the initial hyperbaric diuresis. When the 
pressure-induced decrease in blood pressure is 
sensed by the stretch receptors located in the 
atria of the heart, the adrenal gland is stimulated 
to release aldosterone. Aldosterone normally 
increases sodium reabsorption from urine, 
sweat, and the gut, but hyperbaric exposure 
attenuates this response.92 Thus, during expo-
sure to hyperbaric pressure, the release of aldo-
sterone fails to adjust osmolarity of the extracel-
lular fl uid to normalize blood pressure. These 
observations suggest that hyperbaric pressure 
directly affects Na� transport in the proximal 
tubule, but the exact mechanism is unknown. 
Under normal conditions, aldosterone acts on 
mineralcorticoid receptors at the distal tubule 
and increases the permeability of their apical 
membrane to K� and Na�. Activation of these 
receptors stimulates basolateral Na�/K� pumps, 
and the adenosine triphosphate–stimulated 
phosphorylation of these pumps triggers reab-
sorption of Na� and water into the blood, and 
secretion K� ions into the urine. Thus, hyper-
baric pressure could conceivably affect proxi-
mal tubular Na� transport through a variety of 
mechanisms, but the mechanism remains largely 
unknown.

Reproductive System

The effect of hyperbaric pressure on repro-
ductive function is only partially understood, 
but it is clear that pressure affects male fertil-
ity. Moderate levels of hyperbaric pressure 
(2–5 ATA O2) have little effect on menstrua-
tion,96 and studies on male rats show little or 
no effect on testicular function.97 However, 
studies in rats exposed to extended levels 
(24 hours) of 6 ATA have demonstrated 
signifi cant reductions in blood fl ow to the 
testis, epididymis, ventral prostate, and 
kidneys.98 In addition, the same study dem-
onstrates that plasma testosterone concen-
trations were signifi cantly reduced in rats 
after extended hyperbaric exposure.98 In 
humans, exposure to deep saturation dives 

(�40 ATA) reduces testicular perfusion and 
overall male reproductive function.99 Mice 
exposed to higher pressures (50 ATA) pro-
duce sperm with decreased motility and 
impaired maturation.100 It is likely that the 
effect of pressure on male fertility is revers-
ible, and that reduced testicular perfusion is 
a result of reduced arterial pressure, which is 
well documented in the literature.101

PERSPECTIVE

Our bodies are adapted to live at or near a 
PB-applied force of approximately 1 ATA. 
Humans, however, routinely encounter envi-
ronments of altered PB that will affect their 
physiology by changing the levels of inspired 
and blood gases, and thus levels of gases dis-
solved in their tissues and cells. The following 
question is addressed in this chapter: What 
additional effects, if any, do changes in PB have 
on the body that are related to the effects of 
pressure alone? Besides affecting the density 
of gases inspired and the volume of gas in gas-
fi lled organs, are their additional effects of 
hyperbaric pressure per se on cells and tissues 
that might need to be considered during the 
moderate levels of compression that occur 
during HBOT? Consequently, we have focused 
our discussion on the effects of moderate lev-
els of hyperbaric pressure per se that humans 
routinely encounter during HBOT, compressed 
air work, and routine underwater diving.

Progress toward answering these questions 
has been slowed in part by study designs that 
do not unequivocally permit differentiation 
between the possible effects of hyperbaric 
pressure per se from the confounding effects 
of narcosis, oxidative stress, and respiratory 
acidosis. In other cases, studies that were 
designed to tease out the physiologic effects 
of hyperbaric pressure per se have done so 
using either large levels of hyperbaria that are 
encountered during mixed-gas technical div-
ing or at even greater levels of hyperbaria that 
humans do not encounter. Obviously, in the 
latter case, these studies used various in vitro 
tissue preparations to study the molecular and 
cellular effects of hyperbaric pressure per se. 
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Certainly, future studies should also include 
the lower, moderate range of pressures 
because these are what are routinely encoun-
tered in hyperbaric medicine.6

Accumulating evidence indicates that mod-
erate levels of hyperbaric pressure do indeed 
affect cellular physiology. The likely mecha-
nisms may involve differential compression of 
fi ne structural components of cells such as 
the plasma membrane, its resident population 
of proteins that form ion channels and mem-
brane pumps and transporters, and the cyto-
skeleton that underlies the plasma membrane. 
The research tools to conduct these studies 
under hyperbaric conditions have only re-
cently been developed. With technologies 
such as atomic force microscopy, electrophys-
iology, and fl uorescence microscopy being 
adapted to hyperbaric chambers, it should be 
possible to address experimentally these fun-
damentally important questions about cellular 
barosensitivity. Accumulating evidence indi-
cates that the effects of moderate levels of 
hyperbaric pressure can occur centrally, 
thereby affecting neural control of autonomic 
regulation at the target organ. In addition, 
cells at the target organ can be affected. Ex-
amples to date indicate that moderate levels 
of hyperbaric pressure per se affect pulmo-
nary gas diffusion and airway resistance, local 
tissue blood fl ow (cardiovascular), neurotrans-
mitter release (cardiovascular), homeostatic 
mechanisms (renal water resorption), and 
ionic conductances and electrical signaling 
(neurons). These fi ndings are encouraging and 
justify the requirement for additional research 
on the effects of moderate levels of hyper-
baric pressure on the body, tissues, and cells 
to fully appreciate the physiologic conse-
quences of exposure to pressures used in 
hyperbaric medicine.
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Wound healing is a complex process that re-
quires coordinated repair responses including 
infl ammation, matrix production, angiogenesis, 
epithelization, and remodeling (Fig. 11.1). Many 
factors may impair wound healing. Systemic 
factors such as medical comorbidities, nutri-
tion,1,2 sympathetic nervous system activation,3 
and age4–6 have a substantial effect on the 
repair process. Local environmental factors 
in and around the wound including bacterial 
load,7 degree of infl ammation, moisture con-
tent,8 oxygen tension,9 and vascular perfu-
sion10 also have a profound effect on healing. 
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Although all of these factors are important, one 
of the most critical elements is oxygen supply 
to the wound. Wound hypoxia impairs essen-
tially all the components of healing.11

Although the role of oxygen is usually 
thought of in terms of aerobic respiration and 
energy production via oxidative phosphoryla-
tion, in wound healing, oxygen is required as a 
cofactor for enzymatic processes and also is 
required for signaling mechanisms. Oxygen is a 
rate-limiting component in leukocyte-mediated 
bacterial killing and collagen formation be-
cause specifi c enzymes require oxygen at a 
high partial pressure (at least 40 mm Hg).12,13 
The mechanisms by which the other processes 
are oxygen dependent are less clear, but these 
processes also require oxygen at a concentra-
tion much greater than that required for cellu-
lar respiration (though not necessarily a high 
volume).14–17

Wound hypoxia is a common cause of 
impaired healing, particularly in lower ex-
tremity ulcers. Hyperbaric oxygen therapy 
(HBOT) is a means of correcting wound 

hypoxia.18 In fact, HBOT usually increases 
wound oxygen well above the physiologic 
range (�200 mm Hg).19–21 At these levels, 
oxygen likely acts as a drug.22

This chapter reviews the basic mechanisms 
of wound healing, with particular emphasis on 
those for which oxygen is a rate-limiting sub-
strate or are otherwise oxygen dependent. 
The mechanisms by which hyperbaric oxygen 
may enhance wound healing, particularly in 
hypoxic wounds, then are discussed. Evidence 
related to clinical effi cacy and patient selec-
tion also are reviewed.

MECHANISMS OF WOUND REPAIR

Initial Response to Injury

A wound is created by disruption of the skin 
barrier. The injury may be anything that dis-
rupts the local tissue environment, including, 
for example, thermal, mechanical, antigen, or 
infl ammatory mechanisms, which all act by 
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Figure 11.1 Schematic of the processes 
of wound healing. (From Zabel DD, Hunt TK: 
Skin, peritoneum and colonic healing 
processes. Perspect Colon Rectal Surg 
6:191, 1993, by permission.)
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damaging the microcirculation and causing 
cell injury. This initiates a complex cascade of 
cellular and chemical interactions and signal-
ing that ultimately leads to tissue repair.

Wound healing has traditionally been di-
vided into four phases: hemostasis, infl amma-
tion, proliferation, and remodeling.23 Consider-
able overlap exists between these phases, and 
the lines separating them are often diffi cult to 
distinguish. Each phase is a complex interac-
tion among host cells, contaminants, cytokines, 
and other chemical mediators that, when func-
tioning properly, lead to repair of injury. These 
processes are highly conserved across spe-
cies,24 indicating the critical importance of the 
infl ammatory response that directs the pro-
cess of cellular/tissue repair. When any com-
ponent of healing is impeded, interrupting the 
orderly progression of repair, a chronic, non-
healing wound may result.25

Injury damages the local circulation and 
causes platelets to aggregate and release a vari-
ety of substances, including chemoattractants 
and growth factors.23 The initial result is coag-
ulation, which prevents exsanguination but 
also widens the area that is no longer perfused. 
Platelet degranulation releases platelet-derived 
growth factor (PDGF), transforming growth 
factor-� (TGF-�), epidermal growth factor, and 
insulin-like growth factor-1, which initiate the 
infl ammatory process.23 Bradykinin, comple-
ment, and histamine released by mast cells also 
perturb the microcirculation. Infl ammatory 
cells (polymor phonuclear leukocytes immedi-
ately and macrophages by 24–48 hours) 
migrate to the wound and are activated in 
response to endothelial integrins, selectins, cell 
adhesion molecules, cadherins, fi brin, lactate, 
hypoxia, foreign bodies, infectious agents, 
and growth factors.23 In turn, macrophages 
and lymphocytes produce more lactate26 and 
growth factors (Table 11.1), including insulin-
like growth factor-1, leukocyte growth factor, 
interleukin-1 (IL-1), IL-2, TGF-�, and vascular 
endothelial growth factor (VEGF).27 This in-
fl ammatory phase is characterized by erythema 
and edema of the wound edges.

Activated neutrophils and macrophages 
also release proteases, including neutrophil 

elastase, neutrophil collagenase, matrix metal-
loproteinase, and macrophage metalloelas-
tase.23 These proteases degrade damaged ex-
tracellular matrix components to allow their 
replacement. Proteases also degrade the base-
ment membrane of capillaries to enable in-
fl ammatory cells to migrate into the wound.

In wounds, local blood supply is compro-
mised at the same time that metabolic demand 
is increased. As a result, the wound environ-
ment becomes hypoxic and acidotic with high 
lactate levels.28,29 This represents the sum 
of three effects: decreased oxygen supply 
because of vascular damage and coagulation, 
increased metabolic demand because of the 
heightened cellular response (anaerobic gly-
colysis), and aerobic glycolysis by infl amma-
tory cells.30,31 Leukocytes contain few mito-
chondria and develop energy from glucose 
mainly by production of lactate, even in the 
presence of adequate oxygen supply.31 In acti-
vated neutrophils, the respiratory burst, in 
which oxygen and glucose are converted to 
superoxide, hydrogen ion, and lactate, accounts 
for up to 98% of oxygen consumption, which 
increases by up to 50-fold over baseline.32,33

Local hypoxia is a normal and inevitable re-
sult of tissue injury.34,35 Hypoxia acts as a stimu-
lus to repair36 but also leads to poor healing9 
and increased susceptibility to infection.37,38 
Numerous experimental models38–41 and hu-
man clinical experience42–44 have led to the 
conclusion that wound healing is delayed in 
hypoxic wounds. The partial pressure of oxy-
gen in dermal wounds is heterogeneous, rang-
ing from 0 to 10 mm Hg in the central (“dead 
space”) portion of the wound to near arterial 
adjacent to perfused arterioles and capillaries34 
(Fig. 11.2). The partial pressure of oxygen (PO2) 
of a given area depends on diffusion of oxygen 
from perfused capillaries; thus, wound PO2 de-
pends on capillary density, arterial partial pres-
sure of oxygen (PaO2), and the metabolic activ-
ity of the cells, with some contribution from 
shifts in the oxyhemoglobin dissociation curve 
(e.g., the low wound pH shifts the curve to the 
right and increases oxygen delivery, whereas 
decreased wound temperature shifts the curve 
to the left and decreases oxygen delivery).
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Resistance to Infection

After a disruption of the normal skin barrier, 
successful wound healing requires the ability to 
clear foreign material and resist infection. 
Neutrophils provide nonspecifi c immunity and 
prevent infection. Leukocytes migrate in tissue 
toward the site of injury via chemotaxis, de-
fi ned as locomotion oriented along a chemical 
gradient.23 Chemical gradients can be produced 
both exogenously and endogenously. Exoge-
nous gradients result from bacterial products 
present in contaminated tissues. Endogenous 
mediators include components of the comp-
lement system (C5a), products of lipoxygen-
ase pathway (leukotriene B4), and cytokines 

(IL-1, IL-8), together with lactate.45 Together, 
these chemical mediators help to organize and 
control leukocyte invasion, bacterial killing, 
necrotic tissue removal, and the initiation of 
angiogenesis and matrix production. In the 
absence of infection, neutrophils disappear by 
about 48 hours. Nonspecifi c phagocytosis and 
intracellular killing are the major immune path-
ways activated in wounds.46

Neutrophils are the primary cells responsi-
ble for nonspecifi c immunity, and their func-
tion depends on a high partial pressure of 
oxygen.12,47 This is because reactive oxygen 
species (ROS) are the major component of 
the bactericidal defense against wound patho-
gens.46 Phagocytosis of the pathogen activates 

Table 11.1 Growth Factors Involved in Wound Healing

GROWTH FACTOR FAMILY CELL SOURCE ACTIONS

Transforming growth factor-� (TGF-�): TGF-�1, 
TGF-�2

Platelets
Fibroblasts
Macrophages

Fibroblast chemotaxis and activation
ECM deposition
 Collagen synthesis
 TIMP synthesis
 MMP synthesis

TGF-�3 Reduces scarring
 Collagen
 Fibronectin

Platelet-derived growth factor (PDGF): 
PDGF-AA, PDGF-BB, VEGF

Platelets
Macrophages
Keratinocytes
Fibroblasts

Activation of immune cells and fi broblasts
ECM deposition
 Collagen synthesis
 TIMP synthesis
 MMP synthesis
Neovascularization  

Fibroblast growth factor (FGF): acidic FGF, 
basic FGF, KGF

Macrophages
Endothelial cells
Fibroblasts

Neovascularization
Endothelial cell activation
Keratinocyte proliferation and migration
ECM deposition

Insulin-like growth factor (IGF): IGF-1, IGF-2, insulin Liver
Skeletal muscle
Fibroblasts
Macrophages
Neutrophils

Keratinocyte proliferation
Fibroblast proliferation
Endothelial cell activation
Neovascularization
 Collagen synthesis
ECM deposition
Cell metabolism

Epidermal growth factor (EGF): EGF, heparin 
binding EGF, TGF-�, amphiregulin, beta-cellulin

Keratinocytes
Macrophages

Keratinocyte proliferation and migration
ECM deposition

Connective tissue growth factor Fibroblasts
Endothelial cells
Epithelial cells

Mediates action of TGF-� on collagen synthesis

ECM, extracellular matrix; KGF, keratinocyte growth factor; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinases; VEGF, vascular endothelial 
growth factor.

From Schulz G: Molecular Regulation of Wound Healing. In: Bryant R, Nix D (eds): Acute and Chronic Wounds: Current Management Concepts, 3rd ed. 
St. Louis, Mosby Elsevier, 2006, pp 82–99, by permission.
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the phagosomal oxidase (also known as 
the primary oxidase or nicotinamide-adeno-
sine-dinucleotide phosphate [NADPH]–linked 
oxygenase), present in the phagocytic mem-
brane, which uses oxygen as the substrate to 
catalyze the formation of superoxide. Super-
oxide is bactericidal, but more importantly, it 
initiates a series of cascades that produce 
other oxidants within the phagosome that in-
crease bacterial killing capacity (Fig. 11.3). 
For example, in the presence of superoxide 
dismutase, superoxide is reduced to hydrogen 
peroxide (H2O2). H2O2 combines with chlo-
ride and in the presence of myeloperoxidase 
forms the bactericidal hypochlorous acid (the 
active ingredient in bleach).47,48 Because 
intraphagosomal oxidant production depends 
on conversion of oxygen to superoxide, the 
process is exquisitely sensitive to the partial 
pressure (not content or saturation) of oxy-
gen in the tissue. The Km (the concentration 
at which half-maximal velocity of the reaction 
occurs) for the phagosomal oxidase using 
oxygen as a substrate is 40 to 80 mm Hg.12 
This means that resistance to infection is criti-
cally impaired by wound hypoxia and be-
comes more effi cient as PO2 increases even to 
high levels (500–1000 mm Hg).12 Such levels 
do not occur naturally in tissue but can 
be achieved by the administration of hyper-
baric oxygen.19–21,49 This is a mechanism for 

the benefi t of HBOT as an adjunctive treat-
ment for necrotizing infections and chronic 
refractory osteomyelitis.50,51

Oxidants produced by infl ammatory cells 
have a dual role in wound repair. Not only are 
they central to resistance to infection, but they 
also play a major role in initiating and direct-
ing the healing process. Oxidants, particularly 
hydrogen peroxide produced via the respira-
tory burst, increase neovascularization and 
collagen deposition in vitro and in vivo.52

Activated infl ammatory cells consume oxy-
gen at a high rate and, coupled with the 
impaired microcirculation, this results in 
hypoxia. This is especially true at the center of 
the wound, where the largest concentration of 
infl ammatory cells is found.34 Lactate is pro-
duced both anaerobically and aerobically, and 
this results in concentrations of 5 to 10 mm 
even in well-oxygenated wounds.53 Lactate is a 
strong stimulus for collagen secretion and neo-
vascularization.54,55 Anti-infl ammatory steroids 
impair healing by suppressing infl ammation at 
this step.56

Proliferation

The proliferative phase normally begins ap-
proximately 4 days after injury, concurrent 
with a waning of the infl ammatory phase. It 
consists of granulation tissue formation and 
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factor. (Modifi ed from Silver IA: The phys-
iology of wound healing. In: Hunt TK, 
Dunphy JE (eds): Fundamentals of Wound 
Management. New York, Appleton-Century-
Crofts, 1980, p 30, by permission.)
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epithelization. Granulation involves neovascu-
larization and synthesis of collagen and con-
nective tissue proteins.

Neovascularization

New blood vessels must replace the injured 
microcirculation. Neovascularization proceeds 
by both angiogenesis and vasculogenesis. An-
giogenesis is the phenomenon of new vessel 
growth via budding from existing vessels. In 
the setting of wounds, new vessels grow from 
mature vessels, usually intact, postcapillary 
venules in the undamaged tissue immediately 
adjacent to the site of injury. Normally, the 
oxygen tension in adjacent tissue is suffi cient 
to support this process. The new vessel growth 
extends and enters into the damaged areas 
that are typically high in lactate and have a low 
PO2. Mature extracellular matrix is required for 
ingrowth of mature vessels.57

In vasculogenesis, bone marrow–derived 
endothelial precursor cells (EPCs) populate 
the tissue and differentiate and grow into new 
vessel tubules. In wounds, these tubules 
appear in the damaged area before any direct 
anastomosis with preexisting vessels is made. 
These tubules must connect with existing vas-
culature to establish an intact blood supply in 
the wound. Angiogenesis has long been held 
to be the primary mechanism for new blood 
vessel growth in granulation tissue. Recent 
research, however, has demonstrated that as 

many as 15% to 20% of new blood vessels are 
derived from hematopoietic stem cells.57–59

Angiogenesis and vasculogenesis both occur 
in response to similar stimuli, which is some 
combination of redox stress, hypoxia, and lac-
tate concentration. The specifi c mechanisms 
by which they proceed appear to differ some-
what. Angiogenesis involves the movement of 
endothelial cells in response to three waves of 
growth factors. The fi rst wave of growth factors 
comes with the release by platelets of PDGF, 
TGF-�, insulin-like growth factor-1, and others 
during the infl ammatory phase. The second 
wave comes from fi broblast growth factor 
released from normal binding sites on connec-
tive tissue molecules. The third and dominant 
wave comes from VEGF, delivered largely by 
macrophages stimulated by fi brinopeptides, hy-
poxia, and the presence of lactate.60 Although it 
is usually present, hypoxia is not required for 
granulation because of constitutive (aerobic) 
lactate production by infl ammatory cells and 
fi broblasts. In fact, HBOT increases angiogenesis 
in a mouse model,17 an effect mediated, at least 
in part, by stimulation of VEGF production by 
hyperbaric oxygen.61 Too little lactate leads to 
inadequate granulation, whereas levels in ex-
cess of about 15 mM (usually associated with 
excess infl ammation or infection) delay granula-
tion.62 The capillary endothelial response to 
angiogenic agents (i.e., migration into the 
wound, tubule formation, and connecting to 
sources of blood fl ow) requires oxygen, so that 
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angiogenesis progresses proportional to blood 
perfusion and PaO2.63

Vasculogenesis occurs in response to similar 
stressors as angiogenesis. EPCs are mobilized 
from the bone marrow into the circulation 
via a nitric oxide (·NO)–mediated mechanism. 
Tissue hypoxia induces release of VEGF-A, 
which activates bone marrow stromal nitric 
oxide synthase (NOS). Increased bone marrow 
·NO leads to release of EPCs into the circula-
tion. These circulating EPCs are attracted to the 
wound via tissue hypoxia-induced upregulation 
of stromal cell–derived factor-1�. Within the 
wound, EPCs undergo differentiation and par-
ticipate in the formation of new blood vessels.

Collagen and Extracellular Matrix 
Deposition

New blood vessels grow into the matrix that is 
produced by fi broblasts. Although fi broblasts 
replicate and migrate mainly in response to 
growth factors and chemoattractants, produc-
tion of mature collagen requires oxygen.13,64,65 
Lactate, hypoxia, and some growth factors 
induce collagen messenger RNA synthesis 
and procollagen production. Post-translational 
modifi cation by prolyl and lysyl hydroxylases 
is required to allow collagen peptides to 
aggregate into triple helices. Collagen can be 
exported from the cell only when it is in this 
triple-helical structure. The helical confi gura-
tion is also primarily responsible for tissue 
strength. The activity of the hydroxylases is 
critically dependent on vitamin C and tissue 
oxygen tension, with a Km for oxygen of 
about 25 mm Hg.13,64–66 Wound strength, which 
results from collagen deposition, is, therefore, 
highly vulnerable to wound hypoxia.9

Neovascularization and extracellular matrix 
(primarily collagen) production are closely 
linked. Fibroblasts cannot produce mature col-
lagen in the absence of mature blood vessels 
that deliver oxygen to the site. New blood ves-
sels cannot mature without a strong collagen 
matrix. Mice kept in a hypoxic environment 
(13% inspired oxygen) develop some new 
blood vessels in a test wound (with VEGF or 
lactate added), but these vessels are immature, 

with little surrounding matrix, and demon-
strate frequent areas of hemorrhage.17

Role of Lactate

Although hypoxia has traditionally been 
viewed as the main stimulus for neovascular-
ization, it is clearly not the sole agent.67,68 Neo-
vascularization occurs in many circumstances 
in which energy depletion, or reduced redox 
potential, is more prominent than hypoxia. 
Adenosine diphosphoribose ribosylation 
(ADPR-ribosylation) is a mechanism whereby 
low redox potential can be sensed and con-
verted into biologic actions including collagen 
formation, angiogenesis, and induction of cyto-
solic and nuclear proteins. ADPR mechanisms 
constitute a link between the metabolic state 
and gene regulation.31,57,69,70 When intracellu-
lar lactate is at baseline, the NAD�/NADH ratio 
favors NAD�. This works to maintain ADPR 
in a ribosylated state, thus suppressing colla-
gen gene transcription and inhibiting post-
transcriptional collagen hydroxylation, as well 
as production and post-translational modifi ca-
tion of VEGF. When lactate levels increase, 
the ratio favors NADH, and the inhibition by 
ribosylated ADPR is interrupted, thus increas-
ing mature collagen production and VEGF 
activity71 (Fig. 11.4).

Lactate also mediates neovascularization via 
hypoxia-inducible factor-1� (HIF-1�). HIF-1� is 
a helix-loop-helix transcription factor that is 
composed of a constitutively expressed � 
subunit and a hypoxia-induced � subunit.72 
HIF-1� was originally identifi ed in a model of 
hypoxia,73 but recent research suggests it 
responds more broadly to redox stress.57,74 
HIF-1� function is regulated by a prolyl 
hydroxylase. Normally, the enzyme hydroxyl-
ates HIF-1�, which leads to its destruction 
and, therefore, prevents neovascularization. 
Hypoxia reduces the rate of hydroxylation, 
thus leading to increased HIF-1� activity and 
activation of neovascularization pathways.75

Hypoxia is not required for HIF-l � regula-
tion. Lactate stabilizes HIF-1�, even in the 
presence of oxygen, because lactate and py-
ruvate bind to and inhibit the HIF prolyl 
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hydroxylases.76,77 As discussed previously, 
neutrophils and macrophages in the wound 
produce lactate aerobically, so that accumula-
tion is not dependent on hypoxia. Regardless 
of the source, increasing lactate levels from 
5 to 15 mmol promotes neovascularization 
and matrix deposition. This is additive with 
oxygen31 (Fig. 11.5). Thus, small increases in 
lactate level during the acute infl ammatory 
phase may induce blood vessel growth be-
fore the development of prolonged hypoxia. 
In fact, lactate in the presence of oxygen may 
be an even greater stimulus for neovascular-
ization than hypoxia.31

Interestingly, HIF and other growth factors 
also play important roles in pathologic angio-
genesis. Von Hippel–Lindau disease is a he-
reditary cancer syndrome predisposing carri-
ers to the development of a range of highly 
vascularized tumors. Von Hippel–Lindau dis-
order is precipitated by a gene mutation 
leading to dysfunctional HIF prolyl hydroxy-
lase that results in a decrease in the degrada-
tion of HIF. This causes a pathologic accumu-
lation of HIF-1� resulting in increased VEGF 

levels and subsequent tumor angiogenesis.78 
Other pathologic processes can produce in-
appropriate angiogenesis through the same 
lactate/HIF pathway. For example, diabetic 
retinopathy is characterized by hypoxic tis-
sues generating lactate and HIF.79 Increased 
levels of lactate and HIF lead to increased 
VEGF levels and subsequent pathologic ves-
sel production in the affected retina. Despite 
the presence of lactate, as in wounds, hy-
poxia blocks the essential step of collagen 
deposition, and these vessels are leaky and 
poorly functional.

In summary, accumulated lactate, even 
in the presence of normal or supraphysio-
logic tissue oxygen concentration, is able to 
initiate neovascularization and connective 
tissue synthesis, provided that oxygen is 
present. This process involves the stabiliza-
tion of HIF-1� and inactivation of ADPR, 
which cause an increase in active VEGF and 
collagen production. However, although lac-
tate is central to normal oxygen homeostasis 
of tissue, it can also instigate pathologic con-
sequences.
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Figure 11.4 Schematic of the mechanisms by which lactate regulates collagen and vascular endothelial growth 
factor (VEGF) production via control of ribosylation of adenosine diphosphoribose (ADP). HIF-1�, hypoxia-inducible 
factor-1�. (Modifi ed from Hunt TK, Aslam RS, Beckert S, et al: Aerobically derived lactate stimulates revasculariza-
tion and tissue repair via redox mechanisms. Antioxid Redox Signal 9:1115–1124, 2007, by permission.)
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Role of Reactive Oxygen Species/
Hydrogen Peroxide

ROS are produced in the wound via the 
respiratory burst46 by both phagocytic and 
nonphagocytic cells. The phagocytic produc-
tion of ROS and other oxidants via the NADPH-
link (phagosomal) oxidase was discussed 
previously. H2O2, produced by dismutation of 
superoxide, serves as a diffusible signaling 
messenger and induces neovascularization via 
increased VEGF expression at levels found in 
wounds.80,81 NADPH oxidases are also present 
in nonphagocytic cells, including fi broblasts, 
keratinocytes, and endothelial cells.82 Non-
phagocytic cells thus represent a sustained 
source of low-level H2O2 in uninfected 
wounds. Micromolar levels of H2O2 are detect-
able in both the infl ammatory and prolifera-
tive phases of wound healing.74

An essential subunit of the phagosomal 
oxidase is p47phox. Defects in p47phox com-
promise respiratory burst–dependent oxi-
dant production. Mutations in p47phox in 
humans have been identifi ed as a cause of 
chronic granulomatous disease, in which an 
impaired oxidative burst leads to recurrent 
infections.83 p47phox-defi cient mice have im-
paired healing of excisional wounds.74 Treat-
ment of the wounds with low-concentration 
(0.15%) H2O2 reverses this defect. Of note, 
3% H2O2, the commercially available concen-
tration, despite its bactericidal activity, 
delayed healing in these mice, as it does in 
human wounds.84

Role of Nitric Oxide

·NO is a soluble oxygen radical with a half-life 
of a few seconds that appears to play a major 
role in wound repair. ·NO is synthesized from 
the amino acid L-arginine, molecular oxygen, 
and NADPH in a reaction catalyzed by 
the enzyme NOS. The NOSs exist in three 
isoforms: two constitutive (endothelial and 
neuronal) isoforms and one inducible. The 
expression, transcription, and function of the 
inducible isoform (iNOS) are induced by a 
variety of cytokines, growth factors, and 
infl ammatory stimuli. Upregulation of iNOS 
leads to release of high levels of ·NO. Because 
of the short half-life of ·NO in vivo, ·NO has 
only a local effect.85

iNOS can be expressed in virtually all tis-
sues under the appropriate conditions. The 
enzyme is synthesized in the early phases of 
wound healing in response to cytokines, bac-
teria, bacterial products, and hypoxia. TGF-� 
and IL-4 increase arginase and inhibit iNOS 
activity, whereas �-interferon, IL-1, and lipo-
polysaccharide increase iNOS.86 Once formed, 
iNOS is maintained in an active state by 
calmodulin bound to the enzyme, allowing 
it to operate independent of calcium concen-
trations. This leads to a much larger release 
of ·NO, limited by substrate and cofactor avail-
ability and enzyme concentration.

Expression of iNOS is induced by injury, par-
ticularly by platelet degranulation. It peaks by 
about 48 hours after injury. NOSs require 
NADPH, oxygen, tetrahydrobiopterin, fl avine 
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mononucleotide, and fl avine adenosine dinucle-
otide as cofactors for full activity.85 Many of the 
primary effects of ·NO are obvious in the infl am-
matory phase of wound healing: vasodilation, 
antimicrobial activity, antiplatelet aggregation 
activity, and increased vascular permeability.

·NO acts via multiple mechanisms.87 It reacts 
with oxygen to form reactive nitrogen-based 
species.88 It binds to heme- or metal-containing 
enzymes such as the heme iron in guanylate 
cyclase. At the molecular level, ·NO has been 
shown to act as a signaling molecule that oper-
ates via guanylate cyclase to synthesize cyclic 
guanosine monophosphate. In addition, ·NO 
acts as a cytostatic/cytotoxic molecule inhibit-
ing cytochromes and aconitase, as well as ribo-
nucleotide reductase. ·NO also regulates gene 
expression by reacting with the thiol binding 
site of the transcription factor nuclear factor-�B. 
By nitrosylating nuclear factor-�B, ·NO prevents 
binding to the iNOS promoter, suggesting a 
feedback inhibition mechanism.

Treatment with ·NO donors or dietary argi-
nine or inducing iNOS overexpression in-
creases the collagen content of experimental 
wounds.89 Inhibition of iNOS by competitive 
inhibitors decreases collagen deposition and 
breaking strength in incisional wounds and 
impairs healing in other wound models.90–92 
NOS blockade prevents VEGF production, 
VEGF-induced endothelial cell proliferation, 
and VEGF-mediated activation of mitogen-
activating protein kinase.93–96

Induction of ·NO appears to be one mecha-
nism by which HBOT exerts its effects in 
wounds.97–99 Gallagher and coworkers100 dem-
onstrate a defect in the number and function of 
bone marrow–derived EPCs in streptozotocin-
induced diabetic mice. The degree of the de-
fect in EPCs predicts the degree of impairment 
of wound healing,100 as well as the develop-
ment of long-term cardiovascular complica-
tions.97–99 Thom and colleagues101 demonstrate 
that HBOT mobilized bone marrow–derived 
EPCs in human subjects with diabetes. In a 
murine model, this appears to be mediated via 
increased ·NO levels within the femoral bone 
marrow.102 There appears to be a subpopula-
tion of bone marrow–derived EPCs within the 
bone marrow available for rapid release to the 

circulation in response to ·NO. In a murine 
model of ischemic wounds, this release of bone 
marrow–derived EPCs into the circulation in-
creases neovascularization and wound healing 
in excisional wounds.100,102 HBOT does not, 
however, correct the defi cit in homing of EPCs 
to the wound related to decreased stromal 
cell–derived factor-1� in diabetes.103

Epithelization

Epithelization is characterized by replication 
and migration of epithelial cells across the skin 
edges in response to growth factors. Cell mi-
gration may begin from any site that contains 
living keratinocytes, including remnants of 
hair follicles, sebaceous glands, islands of living 
epidermis, or the normal wound edge. In acute 
wounds that are primarily closed, epitheliza-
tion is normally completed in 1 to 3 days. In 
open wounds, including chronic wounds, heal-
ing by secondary intention cannot progress 
until the wound bed is fully granulated. Like 
immunity and granulation, epithelization de-
pends on growth factors and oxygen. Silver104 
and Medawar16 demonstrated in vivo that the 
rate of epithelization depends on local oxygen. 
Topical oxygen (applied so that it does not dry 
out epithelial cells) has been advocated as a 
method to increase the rate of epitheliza-
tion.105 Ngo and investigators106 demonstrate 
oxygen-dependent differentiation (21% � 5% 
� 2%) and cell growth (21% and 5% � 2%) in 
human keratinocytes in culture. In contrast, 
O’Toole and coauthors107 demonstrate that 
hypoxia increases epithelial migration in vitro. 
This may be explained, at least in part, by the 
dependence of epithelization on the presence 
of a bed of healthy granulation tissue, which is 
known to be oxygen dependent.

Maturation and Remodeling

The fi nal phase of wound repair is maturation, 
which involves ongoing remodeling of the gran-
ulation tissue and increasing wound tensile 
strength. As the matrix becomes denser with 
thicker, stronger collagen fi brils, it becomes 
stiffer and less compliant. Fibroblasts are capa-
ble of adapting to changing mechanical stress 
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and loading. Fibroblasts migrate throughout the 
matrix to help mold the wound to new stresses. 
Matrix metalloproteinases and other proteases 
help with fi broblast migration and continued 
matrix remodeling in response to mechanical 
stress. Some fi broblasts differentiate into myofi -
broblasts under the infl uence of TGF-�. These 
cells are contractile. As the myofi broblasts con-
tract, the collagenous matrix crosslinks in the 
shortened position. This helps to strengthen 
the matrix and minimize scar size. Contraction 
is inhibited by the use of high doses of cortico-
steroids.108 Even steroids given several days 
after injury have this effect. In some wounds, 
where contraction is detrimental, this effect can 
be benefi cial.

Net collagen synthesis continues for at least 
6 weeks and up to 6 months after wounding. 
Over time, the initial collagen threads are reab-
sorbed and deposited along stress lines, con-
ferring greater tensile strength. Collagen found 
in granulation tissue is biochemically different 
from collagen of uninjured skin, and a scar 
never achieves the tensile strength of unin-
jured skin. Hydroxylation and glycosylation of 
lysine residues in granulation tissue collagen 
leads to thinner collagen fi bers. Wound strength 
also never returns to baseline. At 1 week, a 
wound closed by primary intention has 
reached only 3% of the tensile strength of 
normal skin. By 3 weeks, it is at 30%, and it 
reaches 80% only after 3 to 6 months.

Some wounds heal to excess. Hypertrophic 
scar and keloid are common forms of abnor-
mal scarring due to abnormal responses to 
healing. The distinction between them may be 
diffi cult. Hypertrophic scars are common 
after burns and correlate with the length of 
time required to close the wound. Rapid heal-
ing is less likely to result in excessive scarring. 
This is one of the strong arguments for early 
closure and the use of skin substitutes. Early 
HBOT might also have benefi cial effects in 
burn wounds by accelerating closure. Hyper-
trophic scars also tend to occur in wounds 
that cross lines of force in the skin. Hypertro-
phic scars occur within months or even right 
after the injury, do not grow beyond the 
wound edges, and often fl atten spontaneously 
after 1 to 2 years. Hypertrophic scars that do 

not resolve spontaneously or interfere with 
function are often best treated surgically with 
revisions designed to relieve tension. They 
may also respond to pressure garments, re-
peated injections of steroids, or to prolonged 
dressing with thick silicone sheets.

Keloids occur within 1 year after injury 
and are more common in those of African, 
Hispanic, or Asian descent, with an incidence 
rate of 4.5% to 16%. Keloids usually are more 
painful than hypertrophic scars, pruritic, and 
grow beyond the edges of the wound without 
regression. They often occur on the shoulder, 
upper arm, anterior chest (particularly the pre-
sternal area), and upper back, but generally not 
on hands or below the groin. Recurrence of 
keloids after excision is common, occurring 
about 50% to 80% of the time.109

Contractures occur when shrinking scars 
constrict mobility. All scars shrink unless the 
force of contraction is balanced by stretching 
forces. In general, prophylactic efforts, braces, 
physical therapy, stretching, and pressure 
dressings are the most effective prevention 
and therapy. Special compression garments 
can be made. Established contractures that 
persist or recur are often best treated surgi-
cally by fl aps, or so-called Z or Y plasties, which 
relax contractures and interpose normal tis-
sues along the line of contracture.

Nutrition

Skin is the largest and most readily examined 
organ in the body. It is therefore not surpris-
ing that many nutritional defi ciencies present 
with alterations in the skin or in healing. This 
led to the recognition of the importance 
of nutrition in wound healing.2 Nutritional 
requirements change during the healing pro-
cess. The initial response to injury is catabolic 
energy production. This must convert to an 
anabolic response with protein synthesis for 
healing to occur. In general, specifi c nutri-
tional requirements are not well delineated. 
Recent intake is most important.110,111

Proteins are essential for the anabolic phase 
and are degraded in catabolic states such as 
sepsis, burns, and major orthopedic injury 
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(e.g., femur fracture). Thus, calculation of the 
nitrogen balance gives an idea of the amount 
of protein lost and the required level for 
replacement. Wound exudates contain large 
amounts of protein; thus, patients with exuda-
tive wounds have increased protein require-
ments. The major protein of the skin is colla-
gen. Use of specifi c amino acids has no clear 
benefi t. Arginine, a precursor of proline, and 
glutamine, a precursor of nucleotide synthe-
sis, both accelerate wound repair when given 
in doses of 15 to 30 g/day. This appears to 
be more a pharmacologic than nutritional 
effect.89,112

Scurvy, the nutritional defect induced by 
vitamin C defi ciency, has been recognized since 
the 15th century, when Portuguese explorer 
Vasco da Gama described poor healing and he-
matoma formation in sailors. The British Naval 
physician James Lind performed the fi rst known 
randomized, controlled trial in 1747 and dem-
onstrated the effi cacy of citrus fruits in prevent-
ing scurvy (the cause remained unknown until 
the description of vitamin C in the 20th cen-
tury). Vitamin C levels decrease rapidly in 
patients with major trauma or injury (e.g., long 
bone fracture), infection, or sepsis; thus, supple-
mental vitamin C (500 mg twice daily) should 
be given to patients with extensive wounds or 
traumatic injuries.113,114 Vitamin C is a cofactor 
for prolyl hydroxylase, the same reaction for 
which oxygen is a rate-limiting substrate.65 
Wound hypoxia thus, to a degree, mimics 
scurvy.

Vitamin A115 is a proinfl ammatory vitamin 
that is associated with differentiation and 
growth of the epidermis. Defi ciency, although 
uncommon, is associated with impaired heal-
ing. Vitamin A (25,000 IU daily) has been dem-
onstrated to reverse the impaired healing 
associated with steroid use,116 diabetes,117 and 
radiation.118 Because it is a fat-soluble vitamin 
and excess intake is associated with adverse 
effects, it should be given for only 10 days. 
Topical vitamin A (available over the counter), 
applied daily directly to the open wound, is a 
useful alternative.119–121

Vitamin E, a membrane stabilizing, anti-
infl ammatory vitamin has been shown to 
impair healing in a rat model.122 Thus, it can 

be argued that supplemental doses (beyond 
that found in a standard multivitamin) should 
be avoided in patients with wounds.

Among trace elements, zinc is the oldest 
known medicinal treatment and was de-
scribed by the ancient Egyptians for skin 
wounds.112 Zinc is involved in DNA and RNA 
synthesis. Zinc defi ciency impairs healing. 
There is no evidence, however, that zinc sup-
plementation accelerates healing in patients 
without a defi ciency. However, a short course 
(220 mg orally daily for 10 days) is reasonable 
in wound patients to address any unrecog-
nized defi ciencies.

Carbohydrates are also necessary for col-
lagen synthesis. It is estimated that a wound 
3 cm2 in surface area and 1 mm in depth 
requires 10 mg collagen for granulation, 
which requires 9 Kcal energy to produce 
(900 cal/1 g collagen).2,112 Omega-3 fatty 
acids may modulate the arachidonic acid 
pathway (infl ammatory pathway) and thereby 
infl uence wound maturation.112

WOUND PERFUSION 
AND OXYGENATION

Complications of wounds, regardless of the in-
jury that produces them, include failure to heal, 
infection, and excessive scarring or contrac-
ture. Rapid repair has the least potential for 
infection and excess scarring. The goals for 
rapid healing, therefore, are to avoid contami-
nation, ensure rapid tissue synthesis, and opti-
mize the immune response. All injuries lead to 
some degree of contamination that must be 
controlled by local host defenses. The initial 
hours after contamination represent a decisive 
period during which inadequate local defenses 
may allow an infection to become estab-
lished.123 Chronic wounds remain susceptible 
to infection while they remain open.

Normally, wounds on the extremities and 
trunk heal more slowly than those on the face. 
The major difference in these wounds is the 
degree of tissue perfusion, and thus the wound 
tissue oxygen tension. As a rule, repair pro-
ceeds most rapidly and immunity is strongest 
when wound oxygen levels are high, and this 
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is achieved only by maintaining perfusion of 
injured tissue.124 Ischemic or hypoxic tissue, 
in contrast, is easily infected and heals poorly, 
if at all. Wound tissue oxygenation is complex 
and depends on the interaction of blood perfu-
sion, arterial oxygen tension, hemoglobin dis-
sociation conditions, carrying capacity, mass 
transfer resistances, and local oxygen con-
sumption. Wound oxygen delivery depends on 
vascular anatomy, the degree of vasoconstric-
tion, and PaO2 (see Fig. 11.2).

The standard teaching that oxygen delivery 
depends more on hemoglobin-bound oxygen 
(oxygen content) than on PaO2 may be true of 
working muscle, but it is not true of wound 
healing. In muscle, intercapillary distances are 
small and oxygen consumption is high. Con-
versely, in subcutaneous tissue, intercapillary 
distances are large and oxygen consumption is 
relatively low.14 In wounds, where the micro-
vasculature is damaged, diffusion distance mark-
edly increases. Peripheral vasoconstriction fur-
ther increases diffusion distance.34 The driving 
force of diffusion is the oxygen concentration, 
that is, its partial pressure. A high PO2 is needed 
to force oxygen into injured and healing tissues, 
particularly in subcutaneous tissue, fascia, ten-
don, and bone, the tissues most at risk for poor 
healing. HBOT increases the diffusion distance 
of oxygen into the tissue from about 64 mcm 
(PaO2 100 mm Hg) to about 247 mcm (PaO2 
2000 mm Hg)125 by increasing the amount of 
dissolved oxygen in the plasma.

Although oxygen consumption is relatively 
low in wounds, it is consumed by processes 
that require oxygen at a high concentration. As 
discussed earlier, infl ammatory cells use little 
oxygen for respiration, producing energy largely 
via the hexose-monophosphate shunt.12 Most 
of the oxygen consumed in wounds is used for 
oxidant production (bacterial killing), with a 
signifi cant contribution as well for collagen 
synthesis, angiogenesis, and epithelization. The 
rate constants (Km) for oxygen for these com-
ponents of repair all fall within the physiologic 
range of 25 to 100 mm Hg.12,13,16,47,64,126

Because of the high rate constants for oxy-
gen substrate for the components of repair, the 
rate at which repair proceeds varies according 
to tissue PO2 from zero to at least 250 mm Hg. 

In vitro fi broblast replication is optimal at a 
PO2 of about 40 to 60 mm Hg. Neutrophils 
lose their ability to kill bacteria in vitro below 
a PO2 of about 40 mm Hg.127,128 These in vitro 
observations are clinically relevant. “Normal” 
subcutaneous PO2, measured in test wounds in 
uninjured, euthermic, euvolemic volunteers 
breathing room air, is 65 ± 7 mm Hg.129 Thus, 
any reduction in wound PO2 may impair 
immunity and repair. In surgical patients, the 
rate of wound infections is inversely prop-
ortional,37 whereas collagen deposition is 
directly proportional,9 to postoperative subcu-
taneous wound tissue oxygen tension.

High oxygen tensions (�100 mm Hg) can 
be reached in wounds but only if perfusion is 
rapid and PaO2 is high.124,130 This is true for 
two reasons. First, subcutaneous tissue serves 
a reservoir function, so there is normally fl ow 
in excess of nutritional needs. Second, wound 
cells consume relatively little oxygen, about 
0.7 mL/100 mL blood fl ow at a normal perfu-
sion rate.14,15 At high levels of PaO2, this small 
volume can be carried by plasma alone. 
Contrary to popular belief, therefore, oxygen-
carrying capacity, that is, hemoglobin concen-
tration, is not particularly important to wound 
healing, provided that perfusion is normal.131 
Wound PO2 and collagen synthesis remain 
normal in individuals who have hematocrit 
levels as low as 15% to 18% provided they can 
appropriately increase cardiac output and 
vasoconstriction is prevented.130,133 HBOT can 
increase wound oxygen tension well above 
the physiologic range (800–1200 mm Hg), as 
long as there is some arterial infl ow.19,21,49

In patients with adequate large-vessel 
infl ow, peripheral vasoconstriction, which 
results from central sympathetic control of 
subcutaneous vascular tone, is probably the 
most frequent and clinically the most impor-
tant impediment to wound oxygenation. Sub-
cutaneous tissue is both a reservoir to maintain 
central volume and a major site of thermoregu-
lation. There is little local regulation of blood 
fl ow, except by local heating.134,135 Therefore, 
subcutaneous tissue is particularly vulnerable 
to vasoconstriction. Sympathetically induced 
peripheral vasoconstriction is stimulated by 
cold; pain; fear; and blood volume defi cit;136,137 
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and various medications including smoking 
(nicotine),129 �-adrenergic antagonists, and �1 
agonists. In patients undergoing surgery, peri-
operative hypothermia is common and results 
from anesthetic drugs, exposure to cold, and 
redistribution of body heat. Blood loss and 
increases in insensible losses (third spacing) 
increase fl uid requirements in the periopera-
tive period, thereby leaving the patient vulner-
able to inadequate fl uid replacement. Thus, 
vasomotor tone is, to a large degree, under the 
control of the health-care provider.136,137

Prevention or correction of hypothermia138 
and blood volume defi cits139 has been shown 
to decrease wound infections and increase 
collagen deposition in patients undergoing 
major abdominal surgery. Preoperative sys-
temic (forced air warmer) or local (warming 
bandage) warming have also been shown to 
decrease wound infections, even in clean, low-
risk surgeries such as breast surgery and ingui-
nal hernia repair.140 Subcutaneous tissue oxy-
gen tension is signifi cantly greater in patients 
with good pain control than those with poor 
pain control after arthroscopic knee surgery.141 
Stress also causes wound hypoxia and signifi -
cantly impairs wound healing and resistance 
to infection.142,143 The adverse effects of sym-
pathetic nervous system activation are clearly 
mediated, in large part, by reducing the partial 
pressure of oxygen in the injured tissue. Pre-
vention of sympathetic nervous system activa-
tion is effective at improving wound healing 
and resistance to infection largely because it 
increases wound oxygen tension.

Greif and colleagues144 demonstrated in a 
randomized, controlled, double-blind trial that, 
in warm, well-hydrated patients with good 
pain control, that is, in well-perfused patients 
(n � 500) undergoing major colon surgery, 
administration of 80% versus 30% oxygen 
intraoperatively and for the fi rst 2 postopera-
tive hours signifi cantly reduced the wound 
infection rate by 50%. Belda and coauthors145 
have replicated these results (signifi cant 40% 
reduction in surgical site infection) in a 
randomized, controlled, double-blind trial in 
300 colon surgery patients randomized to 
80% versus 30% oxygen intraoperatively and 

during the fi rst 6 postoperative hours. Surgi-
cal and anesthetic management were stan-
dardized and intended to support optimal 
perfusion. Myles and coworkers146 demon-
strated a signifi cant reduction in major post-
operative complications, specifi cally wound 
infections in 2050 major surgery patients 
randomized to 80% oxygen versus 30% oxy-
gen in 70% nitrous oxide intraoperatively. A 
smaller (n � 165) randomized, controlled 
study by Pryor and investigators147 demon-
strated a doubling of surgical site infection in 
patients randomized to 80% versus 35% oxy-
gen intraoperatively. There were a number 
of methodological fl aws in the study, but 
more importantly, the two groups of patients 
were not equivalent, which likely explained 
the increase in infections seen in the 80% oxy-
gen group. Thus, substantial evidence exists 
that use of high inspired oxygen intraopera-
tively and providing supplemental oxygen 
after surgery in well-perfused patients under-
going major abdominal surgery will reduce 
the risk for wound infection.

Although most data on the value of 
increasing wound oxygen levels have been 
obtained in surgical patients and acute 
wounds, there is growing evidence for the 
benefi t of increased wound perfusion, and 
thereby oxygenation in chronic wounds as 
well, even in patients in whom arterial 
infl ow is not compromised. Stotts and Hopf148 
demonstrated that nursing home residents 
frequently have reduced subcutaneous oxy-
gen levels (	45 mm Hg) and that administra-
tion of additional fl uid (750 mL extra per day 
for 3 days) signifi cantly increased wound 
oxygen. Hopf and colleagues149,150 demon-
strate that reduction of sympathetic outfl ow 
with clonidine (a centrally acting �2 ago-
nist)149 or percutaneous lumbar sympathetic 
block150 increases wound oxygen levels in 
patients with hypoxic (but not ischemic) 
lower extremity ulcers. Thus, it appears that 
reduction of sympathetic outfl ow by treat-
ment of pain, maintenance of a warm envi-
ronment for the wound, reduction of stress, 
and provision of appropriate fl uid intake may 
improve healing in even chronic ulcers.
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ROLE OF HYPERBARIC OXYGEN 
THERAPY IN WOUND HEALING

HBOT was fi rst investigated for use in wound 
healing because it was thought it would work 
by increasing oxygen in hypoxic wounds. In-
deed, research has shown that it does just that. 
However, the mechanisms by which HBOT 
improves healing in hypoxic wounds is far 
more complicated.

Mechanisms by Which Hyperbaric 
Oxygen Therapy Improves 
Wound Healing

HBOT clearly increases wound oxygen con-
centration, even in ischemic wounds, as long 
as there is some arterial infl ow.19,21 Although 
correction of hypoxia is one mechanism by 
which HBOT improves wound healing, a 
growing body of research makes it clear that, 
at the supraphysiologic tissue levels attained 
under hyperbaric conditions, hyperbaric oxy-
gen acts like a drug, with multiple effects that 
continue after the treatment ends. Wound ox-
ygen tension decreases rapidly at the end of a 
treatment, although levels may not completely 
return to baseline for several hours.21,49 The 
brief period of wound hyperoxia does initiate 
a cascade of events, however, that continue 
between treatments. For example, recent stud-
ies in a murine model and in cultured cells 
demonstrate the existence of a feed-forward 
mechanism for HIF-1� activation. Chronic in-
termittent hypoxia–induced ROS activates 
HIF-1�, which then promotes persistent oxi-
dative stress, which may further amplify HIF-1 
activation and result in an increase in gene 
expression.151 As discussed earlier, this in-
crease in HIF leads to an increase in VEGF and 
promotes neovascularization. It is possible 
that the cycling of hypoxia and hyperoxia ac-
tually contributes to the acceleration of heal-
ing seen with HBOT. That question, however, 
currently cannot be answered because no safe 
way is available to provide continuous wound 
hyperoxia at the levels achieved with HBOT.

Wound hyperoxia and specifi cally HBOT 
have been shown to increase resistance to infec-
tion,39,50 fi broblast replication and collagen 
deposition,152 neovasculariztion,17 and epitheli-
zation,16,153 particularly in hypoxic wounds. 
There is likely to be a direct effect related to in-
creased availability of oxygen in the wound for 
these processes. However, it appears likely that 
the pharmacologic effects of hyperoxia pre-
dominate, and that increased neovascularization 
and hence decreased wound hypoxia between 
treatments is the major determinant of effi cacy.

Resistance to infection appears to relate 
more directly to the increase in oxygen in 
the wound during the treatment period. 
Increased oxygen clearly increases bacterial 
killing capacity of neutrophils.12 HBOT also 
directly potentiates antibiotics, particularly 
aminoglycosides,154–156 and suppresses toxin 
synthesis.157

“Pharmacologic” effects of HBOT include:

• Induction of growth factors and growth 
factor receptors: HBOT increases active 
VEGF production by macrophages in 
culture,158 in wound fl uid in a rat 
model,61 and in human volunteers. It 
also up-regulates PDGF receptors.159 
The mechanisms may relate to ·NO, 
as discussed earlier. HBOT recently has 
been shown to upregulate basic 
fi broblast growth factor and hepatocyte 
growth factor in acutely ischemic hind 
limbs in a murine model160

• Inhibition of neutrophil adhesion: Interac-
tion of neutrophil surface � integrins 
with intercellular adhesion molecules on 
the endothelial surface causes neutrophil 
adhesion. This may be benefi cial in allow-
ing neutrophil migration to the wound 
but may also cause pathological endothe-
lial dysfunction, as in ischemia-reperfusion 
injury. HBOT inhibits neutrophil �2 integ-
rin function by a localized effect on mem-
brane guanylate cyclase, an effect that 
appears to be mediated by ·NO161,162

• Mobilization of endothelial stem cells 
from the bone marrow100

• Induction of ·NO162
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The combination of the direct effects of 
correction of wound hypoxia and the phar-
macologic effects of hyperoxia lead to a num-
ber of clinically observed benefi ts:

• More rapid and effective control of 
infection163

• Reduction of ischemia-reperfusion 
injury164–166

• Reduction of pathologic infl ammation161

• Reduction of edema167,168: This effect 
has widely been attributed to hyperoxia-
induced vasoconstriction.22 However, 
it seems more likely to result from a re-
duction in infl ammation. Edema is gener-
ally caused by “leaky” vessels and venous 
hypertension, rather than excess arterial 
fl ow. Vasoconstriction would reduce 
arterial infl ow. A reduction in infl amma-
tion would likely restore integrity to the 
vessels and thereby reduce edema

• Increased neovascularization and colla-
gen deposition, which together result in 
increased granulation tissue17,152,169

• Increased epithelization16

• Increased osteogenesis170,171

Clinical Effi cacy of Hyperbaric 
Oxygen Therapy in Wound Healing

Mechanistically, HBOT seems most likely to be 
of benefi t in hypoxic wounds. In fact, Smith 
and colleagues20 demonstrate that wounds 
without signifi cant hypoxia were unlikely to 
improve during HBOT. The most likely expla-
nation for this is that hypoxia was not the 
impediment to healing in these patients, and 
HBOT did not correct the actual impediment. 
It is possible that hyperoxia could accelerate 
healing in a normoxic wound, but only in the 
absence of other impediments to healing. 
HBOT is an adjuvant treatment. It cannot 
replace appropriate care, including such ther-
apy as moist wound care, off-loading, debride-
ment, compression, and restoration of arterial 
infl ow. In the absence of proper care, HBOT is 
unlikely to provide benefi t.

The Undersea and Hyperbaric Medical 
Society recognizes nine indications for HBOT 
related to wound healing in some capacity 
(see Table 11.2 for these indications and the 

likely mechanisms underlying the therapeu-
tic benefi t of HBOT). Most of these indica-
tions are covered in detail in other chapters 
of this textbook.

Although it appears reasonable that HBOT 
should improve healing in patients with 
hypoxic wounds, almost all of the studies of 
effi cacy of HBOT in chronic wounds to date 
have evaluated effi cacy in healing of ischemic 
lower extremity ulcers in patients with diabe-
tes (Table 11.3). It is possible that HBOT is 
specifi cally useful in diabetic ulcers because of 
defects unique to those ulcers. For example, 
diabetic ulcers have been shown to have 
decreased PDGF and PDGF receptors,159 and 
circulating EPCs are known to be reduced in 
subjects with diabetes.103 In contrast, Bauer 
and colleagues41 demonstrate a similar defect 
in a murine ischemic ulcer model. Nonethe-
less, currently, the clinical data support only 
the use of HBOT to treat ischemic ulcers in 
patients with diabetes.

Faglia and coworkers172 performed the larg-
est (n � 70) randomized, controlled trial of the 
effi cacy of adjunctive HBOT in reducing major 
amputation in patients with severe, infected, 
ischemic diabetic foot ulcers. All patients un-
derwent a standardized evaluation, including 
angiography if the ankle–brachial index was 
less than 0.9 or transcutaneous oxygen (see 
later) was less than 50 mm Hg, initial aggressive 
surgical debridement, standardized wound 
care, and optimized medical care. Restoration 
of arterial infl ow by angioplasty or bypass sur-
gery was performed if indicated and possible. 
Subjects in the treatment arm received HBOT 
at 2.4 ATA for 90 minutes daily. The decision to 
perform amputation was made by a consultant 
surgeon unaware of the study assignment. The 
treatment group underwent fewer major am-
putations (treatment group: 3/35 including 
2 below-knee amputations and 1 above-knee 
amputation; control group: 11/33 including 7 
below-knee amputations and 4 above-knee am-
putations; P � 0.016). Roeckl-Wiedmann and 
investigators173 calculated a number needed to 
treat value (for the three studies that included 
major amputation as an outcome: Faglia and 
coworkers,172 Abidia and coauthors,174 and 
Doctor and colleagues175) of four patients to 
prevent one major amputation.
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Although hypoxic wounds may occur in 
patients without signifi cant peripheral arte-
rial occlusive disease, ischemic wounds are 
most likely to benefi t from HBOT. One ran-
domized, controlled trial176 demonstrates a 
more rapid decrease in size in venous leg 
ulcers (without a signifi cant arterial compo-
nent) treated with HBOT. Standard therapy of 
venous leg ulcers includes moist wound care 
and compression, and these are successful in 
most patients.177 HBOT cannot replace com-
pression therapy. It may be useful in selected 
patients to treat compromised skin grafts, 
particularly in patients with mixed venous-
arterial ulcers, or in patients with uncor-
rected wound hypoxia despite appropriate 
compression and edema control.

Standard therapy of pressure ulcers includes 
pressure relief, debridement, nutritional sup-
port, achievement of bacterial balance, and 
moist wound care.178 HBOT may be useful in 
selected patients with compromised skin 
grafts or fl aps, when the ulcer develops at the 
site of previous radiation or when there is 
underlying refractory osteomyelitis.

Standard therapy of arterial insuffi ciency 
ulcers includes restoration of arterial infl ow, fol-
lowed by debridement and moist wound care.10 
HBOT may benefi t patients in whom revascu-
larization is unsuccessful, or is successful but 
fails to correct wound hypoxia, although this 
has not been demonstrated, except in such 
patients who also have diabetes. HBOT may be 
useful in selected patients with compromised 

Table 11.2 Wound Healing–Related Indications for Hyperbaric Oxygen Therapy Recognized 
by the Undersea and Hyperbaric Medical Society

INDICATION MECHANISMS FOR EFFICACY

Acute thermal burns Reduced edema
Infection control
Increased epithelization and graft take

Clostridial myositis and myonecrosis Suppression of toxin production
Enhanced neutrophil function
Antibiotic potentiation

Other necrotizing soft-tissue infections Enhanced neutrophil function
Antibiotic potentiation

Compromised skin grafts* Increased neovascularization
Reduced edema

Compromised fl aps* Amelioration of ischemia-reperfusion injury
Reduced edema

Crush injury, compartment syndrome, and other acute ischemias Amelioration of ischemia-reperfusion injury
Reduced edema

Osteoradionecrosis Increased neovascularization
Soft-tissue radionecrosis Increased neovascularization
Refractory osteomyelitis Enhanced neutrophil function

Antibiotic potentiation
Increased osteogenesis

Problem wounds† Increased neovascularization
Increased collagen deposition
Increased epithelization
Reduced edema
Reduced infl ammation
Enhanced neutrophil function

Diabetic foot ulcers (Wagner grade 3�)† Increased granulation
Enhanced neutrophil function
Reduced edema

*Compromised skin grafts and fl aps are treated as a single indication by the Undersea and Hyperbaric Medical Society (UHMS) and Centers for Medicare and 
Medicaid Services (CMS). They are separated here because the mechanisms underlying the benefi t for each differ somewhat.

†The UHMS Hyperbaric Oxygen Therapy Committee Report retained the classifi cation of “Problem Wound” in 2003, although this is likely to evolve toward 
an indication specifi cally for hypoxic wounds. CMS reviewed this issue and published a coverage memorandum in 2002 providing coverage for Wagner grade 
3 or higher diabetic lower extremity wounds that have not responded to a course of standard therapy.
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Table 11.3 Trials of Hyperbaric Oxygen Therapy in Diabetic Foot Ulcers

FIRST AUTHOR,
YEAR (COUNTRY)

STUDY 
DESIGN N CONDITION RESULTS

Doctor,175

1992 (India)
RCT 30 (15 HBO, 15 control) Hospitalized DFU Above-ankle amputations—

HBO: 2/15; control: 7/15; 
P 	 0.05

Minor amputations: NS
Number of positive cultures 
decreased in HBO group; 
P 	 0.05

Faglia,172

1996 (Italy)
RCT 70 (35 HBO, 33 control, 

2 lost to follow-up)
Severe, infected, 
ischemic DFU

Major amputations—HBO 
3/35 (8.6%); control: 
11/33 (33.3%); P � 0.016

Abidia,174

2003 (UK)
RCT, double-
blind, sham

18 (8 HBO, 8 control; 
2 lost to follow-up)

Ischemic DFU, 
1–10 mm in diameter

Healing at 12-week follow-up 
point—HBO: 5/8; control: 1/8

Kalani,181

2002 (Sweden)
RCT � CT 38 (17 HBO, 21 control) DFU Healing at 3-year follow-up 

point—HBO: 13/17 (76%); 
control 10/21 (48%)

Amputations—HBO: 2/17 
(12%); control: 7/21 (33%)

Kessler,182

2003 (France)
RCT 28 Wagner grades 1–3 

DFU
HBO: wounds smaller at 
2 and 4 weeks, more healed 
at 2 weeks

Zamboni,183

1997 (USA)
CT 10 (5 HBO, 5 control) DFU HBO with standard wound 

care reduced wound size 
compared with standard 
wound care alone; P 	 0.05

At 4–6 months, HBO group 
had higher rate of complete 
healing (4/5 vs. 1/5 in 
control group)

Baroni,184

1987 (Italy)
CT 28 (18 HBO, 10 control) DFU Healing—HBO: 16/18 (89%); 

control: 1/10 (10%); 
P � 0.001

Amputations—HBO: 2/18; 
control: 4/10

Davis,185

1987 (USA)
Retrospective 
review

168 HBO DFU 118/168 (70%) patients 
healed at a level providing for 
bipedal ambulation, 50/168 
(30%) required a BKA or 
AKA, failures in patients with 
nonbypassable arterial 
disease at or above ankle

Oriani,186

1990 (Italy)
Retrospective 
comparison

80 (62 HBO, 18 control) DFU “Recovery”—HBO: 59/62 
(96%); control: 12/18 (67%)

Amputation—HBO: 3/62 
(5%); control: 6/18 (33%); 
P 	 0.001

Wattel,187

1991 (France)
Retrospective 
consecutive 
review

59 HBO DFU 52/59 (88%) healed without 
major amputation, 7/59 
(12%) required major ampu-
tation, signifi cantly greater 
tcPO2 values achieved during 
HBO (786 ± 258 mm Hg vs. 
323 ± 214) in success 
compared with failures

Oriani,188

1992 (Italy)
Retrospective
consecutive
review
uncontrolled

151 HBO (may include 
patients from 1990 
series)

DFU 130/151, 86% healed with 
HBO; 21/115, 14% did not 
respond to HBO
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skin grafts. After revascularization, many pa-
tients develop reperfusion injury that delays 
healing. Mechanistically, this is likely to be ame-
liorated by HBOT, but clinical trials are required 
to evaluate effi cacy.

Selection of Patients for Hyperbaric 
Oxygen Therapy for Adjunctive 
Therapy of Nonhealing Wounds: 
Transcutaneous Oximetry

Identifying wounds most likely to benefi t is 
paramount for cost-effective application of 
HBOT. Patients with wounds that fall within 
a category defi ned as potentially appropri-
ate for adjunctive HBOT (see Table 11.2) 
should be evaluated for likelihood of benefi t. 
Hypoxia (i.e., wound PO2 	 40 mm Hg) gen-
erally best defi nes wounds appropriate for 
HBOT—or rather, lack of hypoxia (i.e., 
wound PO2 � 40 to 50 mm Hg) defi nes 
wounds not appropriate for HBOT.19,20,179 
Although several tests intended to identify 
signifi cant wound hypoxia and/or ischemia 
have been used, including ankle–brachial 
index, skin perfusion pressure, and laser–
Doppler fl ow, transcutaneous oximetry 
(tcPO2) is generally accepted as most valu-
able in the following ways:

• Predicting failure to heal a wound 
without intervention

• Predicting failure to heal a planned 
amputation

• Predicting failure to respond to HBOT
• Predicting and evaluating success of 

revascularization

Notably, tcPO2 is a better predictor of failure 
than success. This underlines the central role of 
oxygen in wound healing. That is, there is a level 
of oxygen below which a wound does not have 
the capacity to heal. Wounds with a PO2 greater 
than that level, however, are not guaranteed to 
heal because there is a variety of nonoxygen-
related impediments to healing that may pre-
vent the normal progression of repair in the 
presence of adequate tissue oxygen.

tcPO2 measurements provide a direct, quan-
titative assessment of oxygen availability to 
the periwound skin and an indirect measure-
ment of periwound microcirculatory blood 
fl ow. tcPO2 is a noninvasive measurement in 
which a small, heated polarographic oxygen 
electrode is applied to the skin. Normally, little 
oxygen diffuses through the skin. Heating the 
probe to 42
C to 45
C increases skin oxygen 
permeability and enables the measurement. 
The heated area appears to be small enough 
that, although blood vessels under the probe 

FIRST AUTHOR,
YEAR (COUNTRY)

STUDY 
DESIGN N CONDITION RESULTS

Stone,189

1995 (USA)
Retrospective 
review

Abstract

469 (87 HBO, 
382 control)

DFU Limb salvage—HBO: 72%; 
control: 53%; P 	 0.002

Faglia,190

1998 (Italy)
Compare 115 (51 HBO, 

64 control)
DFU Major amputations—HBO: 

7/51; control: 20/64; 
P � 0.012

Fife,19

2002 (USA)
Retrospective 
review

1144 HBO DFU Overall 75% of patients 
improved with HBO, mean 
34 treatments

By Wagner score—I: 100% 
(n � 3); II: 83.1% (n � 130); 
III: 77 2% (n � 465); IV: 
64.5% (n � 64.5%); V: 
29.7% (n � 37)

AKA, above-knee amputation; BKA, below-knee amputation; DFU, diabetic foot ulcer; HBO, hyperbaric oxygen; NS, not signifi cant; RCT, randomized, controlled 
trial; tcPO2, transcutaneous oximetry.

From Warriner RA, Hopf HW: Enhancement of Healing in Selected Problem Wounds, Hyperbaric Oxygen 2003: Indications and Results. In: Feldmeier JJ (ed): 
The Hyperbaric Oxygen Therapy Committee Report. Kensington, MD, Undersea and Hyperbaric Medical Society, 2003, pp 45–47, by permission.

Table 11.3 Trials of Hyperbaric Oxygen Therapy in Diabetic Foot Ulcers —Cont’d
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become dilated, the stimulus is not suffi cient 
to increase overall blood fl ow to the limb or 
skin perfusion outside the probe area.

Wütschert and Bounameaux42 performed a 
meta-analysis to determine the ability of tcPO2 
measured at sea level with patients breathing 
room air to predict amputation level, using 
studies published from 1985 through 1996. 
There were a total of 615 lower limb amputa-
tions (51% in patients with diabetes), and the 
reamputation rate was 16.4%. Failure was 
defi ned as more proximal amputation or exten-
sive (operative) debridement of the stump. 
They found that 20 mm Hg was the most use-
ful cutoff for failure to heal, with a sensitivity of 
82% and specifi city of 64%. The positive predic-
tive value (failed to heal) of the 20-mm Hg 
cutoff was 92%, and the negative predictive 
value 42%. The accuracy rate was 79%.

tcPO2 is a more effective marker of inade-
quate wound oxygenation than laser–Doppler 
assessment or the ankle–brachial index. Thirty-
eight studies since 1982 suggest that hypoxia 
(i.e., inability to heal) should be defi ned as sea-
level room air tcPO2 less than 10 to 40 mm Hg.10 
In general, tcPO2 less than 20 mm Hg is associ-
ated with failure to heal, whereas tcPO2 of 20 to 
40 mm Hg is associated with delayed healing 
and greater susceptibility to infection179 (which 
may be catastrophic in a hypoxic wound).

Although sea-level room air tcPO2 reliably 
predicts a failure to heal, it does so only in the 
context that no intervention (revascularization, 

HBOT) is undertaken to correct wound hy-
poxia. A few studies have suggested that breath-
ing increased inspired oxygen at sea level179 
(usually 10–15 liters per minute via nonre-
breather mask or hyperbaric oxygen hood) 
predicts the likelihood of a response to HBOT, 
but the most predictive measure appears to be 
tcPO2 measured at pressure (2–2.4 ATA) in a 
hyperbaric oxygen chamber breathing 100% 
oxygen.19,20,179,180 Although greater elevation of 
tcPO2 is associated with a greater likelihood of 
positive outcome, there does not appear to be 
a therapeutic benefi t of 2.4 versus 2.0 ATA.19 
Lack of an increase in tcPO2 to more than 
100 mm Hg appears to be an appropriate cut-
off for predicting failure to heal, at least in 
ischemic diabetic foot ulcers (Fig. 11.6). This 
requirement for achieving supraphysiologic 
wound oxygen concentration lends support to 
the argument that restoration of wound nor-
moxia is not the primary mechanism of action 
of HBOT in healing hypoxic wounds. The fail-
ure rate for less than 100 mm Hg is not 100%, 
however, so it is not unreasonable to give a trial 
of HBOT (10–15 treatments) to such patients 
for whom the alternative is amputation.

SUMMARY

Wound repair is a complex process that re-
quires an intact hemostatic and infl ammatory 
response, appropriate matrix formation (largely 
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Figure 11.6 Failure rate of hyperbaric oxygen therapy (HBOT) in relation to transcutaneous oximetry (TCOM, or tcPO2) 
in the chamber at pressure. Failure rate increases as in-chamber tcPO2 decreases. When in-chamber tcPO2 is less than 
100 mm Hg, the failure rate is 90%. However, as in-chamber tcPO2 increases to greater than 400 mm Hg, there is little 
incremental improvement in healing likelihood. (From Fife CE, Buyukcakir C, Otto GH, et al: The predictive value of 
transcutaneous oxygen tension measurement in diabetic lower extremity ulcers treated with hyperbaric oxygen therapy: 
A retrospective analysis of 1,144 patients. Wound Repair Regen 10:198–207, 2002, by permission.)
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collagen) and neovascularization of the injured 
area, restoration of an intact skin barrier via 
epithelization, and remodeling to create the 
strongest possible scar. Although numerous fac-
tors, both local and systemic, may impede the 
progression of an injury through a timely and 
orderly repair process, inadequate oxygen sup-
ply universally prevents or delays healing and 
puts the patient at high risk for development of 
an infection. Although arterial occlusive disease 
is a common cause of impaired wound oxygen-
ation, and thereby impaired wound healing, 
wounds may become hypoxic despite adequate 
arterial infl ow because of vasoconstriction of 
vessels feeding the wound or failure of neovas-
cularization within the wound. Common causes 
of vasoconstriction include cold exposure, inad-
equate fl uid intake, inadequate pain control, 
and stress, which act via sympathetic nervous 
system activation. These are all amenable to 
simple and inexpensive interventions, and cor-
rection improves healing. Common causes of 
impaired neovascularization include soft-tissue 
radiation injury, diabetes, and wound hypoxia, 
all of which may be correctable by HBOT. 
HBOT works by increasing oxygen diffusion 
into the wound, thereby restoring wound nor-
moxia, and by the pharmacologic action of 
hyperoxia, which induces stem cell mobiliza-
tion, up-regulates growth factors and growth 
factor receptors, and inhibits neutrophil adhe-
sion, among other effects. HBOT should be 
considered in the management of hypoxic 
wounds. Currently, clinical trials provide the 
most support for use in bone and soft-tissue 
radiation injury, compromised skin grafts and 
fl aps, and ischemic diabetic foot ulcers.
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It is estimated that currently more than 10 mil-
lion cancer survivors are alive in the United 
States.1 In the United States, more than 1.4 mil-
lion people are diagnosed annually with inva-
sive, nonbasal, nonsquamous skin cancers.2 
With increasing frequency, patients with 
cancer receive multimodality therapy to in-
clude surgery, radiation, and/or chemotherapy. 
Approximately 60% of all cancer patients 
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undergo radiation as a component of their 
treatment at some time during the course of 
their disease.3 Ionizing therapeutic radiation is 
a potent physical entity with dramatic effects 
in both malignant and surrounding normal 
tissues.

Untoward reactions to radiation therapy 
in normal tissues are most frequently classi-
fi ed as either acute reactions or delayed reac-
tions. Acute reactions are pronounced in 
those normal tissues, such as oral, pharyn-
geal, gastric, enteric, and colorectal mucosa, 
which have a high rate of cellular loss and 
mitosis. In this regard, these tissues mimic 
malignant tumors that characteristically dem-
onstrate rapid growth with frequent cellular 
mitoses.

Acute complications occur during or just 
after the completion of radiation. Acute radia-
tion complications such as acute dermatitis 
and mucositis (stomatitis, pharyngitis, esoph-
agitis, gastritis, enteritis, and proctitis) can be 
troublesome. Generally, their severity is re-
lated to the total radiation dose and the total 
time of treatment. They are enhanced in their 
severity by concurrent chemotherapy. For 
the most part, they are not dose-limiting 
within the limits of a typical course of radia-
tion. They are generally self-limited, and 
when affl icted by such complications, pa-
tients are treated symptomatically with spe-
cial attention to hydration and nutritional 
support. On rare occasions, acute reactions 
may be so severe that they evolve into de-
layed or chronic radiation complications. 
These complications are termed consequen-
tial effects of radiation.4

A few organ systems such as the lung and 
the central nervous system may also exhibit 
subacute reactions (radiation pneumonitis or 
temporary demyelination leading to Lhermitte 
syndrome or the somnolence syndrome). 
These subacute reactions typically occur one 
to a few months after treatment. 

Similarly, for the relatively rarely identifi ed 
subacute radiation reaction, most resolve 
with time. Generally, they are treated symp-
tomatically and may require treatment for a 
longer period than acute reactions. The so-
called Lhermitte sign is an indication of a 

subacute radiation reaction in the spinal 
cord. It manifests itself by what patients de-
scribe as electric-like shocks down the back 
and into the legs. These symptoms can be 
induced by fl exing the neck anteriorly to 
stretch the spinal cord. This condition is 
caused by temporary demyelination of the 
spinal cord white matter. This condition is 
usually self-limited, though some believe that 
it may occur more frequently in those who 
eventually acquire radiation-induced trans-
verse myelitis. Subacute radiation pneumoni-
tis can also be troublesome. It is more fre-
quently seen when larger volumes of lung 
are treated with higher doses of radiation. It 
usually manifests itself in a fashion similar to 
bronchitis with initially a dry, chronic cough. 
Some patients with radiation-induced pneu-
monitis require prolonged courses of cor-
ticosteroids and can suffer from profound 
dyspnea.

This chapter focuses on the use (or pro-
phylactic use) of hyperbaric oxygen therapy 
(HBOT) for delayed or late radiation injuries. 
It is these injuries that effectively limit the 
clinical dose of radiation. They do not resolve 
over time. They  are often progressive and se-
rious and sometimes even lethal. They may 
occur in patients who have experienced only 
average or minor acute side effects during and 
just after their course of radiation. These de-
layed reactions characteristically occur after a 
latent period of 6 months or more, and the 
patient continues to be at risk for such com-
plications for the remainder of their lives. 
Even years later, delayed radiation complica-
tions may develop spontaneously or as the 
result of surgical wounding, trauma, or a den-
tal extraction within a previously irradiated 
fi eld. The radiation oncology community is 
aware of the potential developments of such 
complications. Tolerance doses have been 
studied and published with the intent of 
minimizing the incidence of late complica-
tions in critical organs.5 However, these pub-
lished tolerance doses may be lower than the 
dose needed to control the tumor that in-
volves or lies in close proximity to a critical 
structure. In this case, the tumor is not con-
trolled if the dose is modifi ed downward to 
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prevent complications. The result is an unat-
tractive but unavoidable choice of underdos-
ing the cancer versus a high risk for complica-
tions. In addition, some patients exhibit lower 
tolerance to the effects of radiation therapy 
and may sustain serious complications even 
when standard guidelines for radiation dose 
are followed meticulously. Currently, no reli-
able biochemical or functional tests exist that 
can be applied to identify those at unusually 
signifi cant risk for serious radiation complica-
tions at doses generally well tolerated in most 
patients with cancer.

Radiation oncology patients exhibit a wide 
range of tolerance to treatment. Although we 
have identifi ed a few hereditary syndromes 
that are known to put patients at increased 
risk for radiation damage, including ataxia-
telangiectasia, ataxia-telangiectasia–like disorder, 
Nijmegen breakage syndrome, and Fanconi’s 
anemia, there are at present no reliable bio-
chemical or functional tests that accurately 
predict which patients will suffer serious 
radiation complications at doses well toler-
ated in the majority of radiation patients. For 
additional information about those genetic 
syndromes that place patients at enhanced 
risks for complications, please consult texts of 
radiation biology such as Hall and Giaccia’s 
textbook.6 Additional risk factors for compli-
cations include patients who are retreated, 
those with collagen vascular disorders, and 
those receiving a higher than standard dose 
either intentionally or as the result of a treat-
ment dosage error.

Radiation biology and pathology are com-
plex topics. The total dose, dose per treat-
ment, total time of treatment, volume of the 
tissue irradiated, and the patient’s own idio-
syncratic, genetically controlled response 
determine the likelihood and severity for 
delayed complications. The most recent 
advances in the technology of radiation ther-
apy include increasingly precise targeting of 
the tumor in order to avoid normal tissues. 
The development of these treatment op-
tions has required advances in imaging 
technology, high-powered computers, so-
phisticated computer algorithms, and treat-
ment machines that can adjust the shape 

and size of the radiation fi eld continuously 
as it rotates around the patient. These tech-
niques include three-dimensional conformal 
radiation therapy, intensity modulated radia-
tion therapy, and stereotactic radiosurgery. 
At least in part, these targeted therapies are 
used to reduce the likelihood of radiation-
induced injuries. They have also allowed for 
dose escalation with the intent of improving 
local tumor control and at the same time 
avoiding an escalation of radiation-induced 
complications.7

Another strategy that has been widely ad-
opted in radiation oncology clinics across the 
United States is the use of amifostine as a ra-
dioprotector. Amifostine or WR2721 is a drug 
originally developed to protect U.S. troops 
from the toxicity of radiation exposure from 
fallout subsequent to a nuclear bomb. Clini-
cally, it has been applied most frequently in 
the treatment of head and neck cancer to 
prevent xerostomia. It has also been applied 
with success to the prevention of radiation 
pneumonitis and proctitis. In the latest edi-
tion of the textbook Principles and Practice 
of Radiation Oncology,8 a total of four ran-
domized, controlled trials and nine nonran-
domized trials are cited as supporting its ap-
plication as a prophylaxis for radiation injury. 
The concern that amifostine might protect 
the tumor, as well as the intended normal tis-
sues, has not been demonstrated by the ac-
cumulated published clinical experience. 
Amifostine protects against radiation damage 
by acting as a free radical scavenger. Cellular 
radiation damage is mediated through free 
radicals as highly reactive chemical species 
that cause breaks in the chemical bonds of 
DNA strands.9

THE NATURE OF DELAYED 
RADIATION INJURY

The pathophysiology of delayed radiation inju-
ries is complex and only incompletely under-
stood. In virtually all tissues that demonstrate 
deleterious late effects of radiation histologi-
cally, we can observe vascular damage charac-
terized by endarteritis. Until quite recently, 
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it was believed that the dominant mechanism 
for delayed radiation injury in many organ sys-
tems was the result of damage to nutrient and 
oxygen-transporting vasculature.10 Tissue fi bro-
sis was recognized as an important component 
of delayed radiation injury but not dominant. 
It was postulated that when this hypoxia 
reached a critical level to support cellular 
metabolism, the damage would result in inade-
quate or even absent organ function with 
resultant symptoms.

It had always been a dictum of the radia-
tion oncology community that there was a 
disconnect and profound difference be-
tween acute and delayed radiation reactions. 
The latest models of delayed radiation injury 
emphasize the continuity of biochemical ef-
fects which begin at the initiation of radia-
tion. Vascular changes are felt to be second-
ary to the depletion of stem cells and the 
fi brosis that is induced in radiated tissues. 
Acute reactions were cellular and related to 
direct DNA damage. They were mostly epi-
thelial and mucosal. Delayed reactions were 
vascular and mostly stromal. It is certainly 
true that some patients experience signifi -
cant acute radiation reactions without cor-
responding delayed reactions, and some 
have serious delayed reactions without ever 
experiencing notable acute reactions. How-
ever, we now appreciate that the spectrum 
of radiation complications begins at the time 
of radiation exposure. A new understanding 
of the nature of delayed radiation injury has 
recently been postulated and termed the fi -
broatrophic effect. This model is supported 
by the cellular depletion and exuberant fi -
brosis that can easily be appreciated with 
light microscopy of tissue samples taken 
from patients or experimental animals. In 
this model, vascular stenosis continues to be 
a consistent factor in delayed radiation dam-
age. Although there are distinctions and 
identifi able differences in the nature and site 
of injury, we have come to appreciate that 
late radiation damage is initiated with the 
fi rst treatment. An increase in various bio-
chemical substances including fi brogenetic 
cytokines is identifi able from the onset of 
treatment.11 These have been associated 

with late radiation damage, and their serial 
assays and therapeutic suppression may al-
low for prophylactic interventions. The early 
demonstration of an increase of those cyto-
kines, which lead to damage or, conversely, a 
depression of protective cytokines, may 
identify a group of patients at high risk for 
late radiation damage. This identifi cation of 
those at risk before manifestations of frank 
radiation damage may permit adjustment in 
the radiation dose and dose frequency or 
prophylactic pharmacologic intervention. A 
potential area for future research will in-
clude the application of prophylactic inter-
ventions to include HBOT during this latent 
period after radiation but before expressed 
damage. If a group of reliable predictive as-
says can be developed and a group at in-
creased risk identifi ed, other therapeutic 
strategies to prevent radiation damage will 
also be studied.

A review of the current state of the art in 
understanding of those biological markers 
that have been identifi ed and are associated 
with radiation injury has been published by 
Fleckenstein and colleagues.12 These authors 
report that the most frequently studied cyto-
kine in this regard is transforming growth 
factor-�. Other cytokines that have been iden-
tifi ed as likely to correlate with radiation in-
jury are interleukin (IL)-1, IL-2, IL-4, IL-5, IL-6, 
IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, tumor 
necrosis factor-�, granulocyte macrophage 
colony-stimulating factor, matrix metallopro-
teinase-3, matrix metalloproteinase-9, and tis-
sue inhibitor of metalloproteinase-1. Most of 
these correlations have been made in animal 
models of radiation-induced pneumonitis. For 
their current utility in managing or prevent-
ing radiation injury, the authors state, “[A]t 
the present time, no reliable and validated 
predictive assay exists that could defi nitively 
be relied on for treatment decision.”12 The 
authors go on to state their belief that no one 
single marker for radiation tissue damage is 
likely to be identifi ed. Figure 12.1 presents a 
simplifi ed schema for the mechanisms of 
radiation injury. In spite of the identifi cation 
of certain promising biochemical markers 
as discussed earlier, we cannot at this time 
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reliably identify patients who are at high risk 
for complications.

Current Controversies on Therapy 
for Radiation Injury

There is no consensus in the radiation onco-
logy community as to an optimal strategy in 
dealing with serious delayed radiation injuries. 
Surgical resection and closure with fl aps with 
their blood supply originating outside the 
radiation fi eld are commonly employed for 
serious injuries. When surgery is used, serious 
complications are common and even some-
times lethal. In patients who have already 
faced cancer therapy including combinations 
of surgery, chemotherapy, and radiation ther-

apy, this option is unattractive. HBOT has been 
employed for delayed radiation injury since 
the 1970s. Its application is not universally 
accepted by the medical community. Its utili-
zation has usually been predicated on its suc-
cess in stimulating angiogenesis in hypovascu-
lar tissues after radiation. Other pharmacologic 
interventions are even less well established 
than HBOT.

Dr. Helen Stone and her colleagues13 con-
vened a workshop at the National Cancer 
Institute in September 2000 to explore and 
discuss options for modifying delayed radia-
tion injuries. A number of experts met to 
share experiences in applying therapeutic 
endeavors for various treatment and prophy-
lactic strategies.

A frequent criticism leveled against the evi-
dence supporting HBOT in its role of treat-
ment or prophylaxis against radiation injury is 
the absence of randomized, controlled clinical 
trials. Dr. Stone in her previously cited report 
of the conference conducted by the National 
Cancer Institute in 2000 mentions several 
theoretical promising approaches to the treat-
ment and prevention of delayed radiation inju-
ries. None of these had been subjected to 
phase 3 trials. In a Cochrane review of all non-
surgical interventions for delayed radiation 
proctitis, Denton and associates14 could fi nd 
only six randomized, controlled trials of ade-
quate scientifi c design to merit inclusion in 
their analysis. In a review article published in 
2007, Delanian and Lefaix15 discuss current 
therapies for what they term radiation-
induced fi brosis (RIF) and necrosis. In this 
article, the authors briefl y discuss their under-
standing of the pathophysiology of delayed 
radiation injury, which they subdivide into ra-
diation-induced fi brosis and radiation-induced 
necrosis. They discuss the application of pent-
oxifylline, vitamin E, superoxide dismutase, 
and HBOT alone or in various combinations. 
For their assessment of the effi cacy of HBOT 
and in light of the recent negative studies by 
Pritchard and colleagues16 and Annane and 
coworkers,17 they state, “[B]ased on these 
data, HBOT does not seem to be an effective 
treatment for RIF.” In a discussion of strategies 
to address delayed radiation injury, these 

Figure 12.1 Biochemical events resulting in both acute and 
delayed normal tissue injuries begin at the time of radiation delivery. 
A latent period exists after radiation before expression of the delayed 
injuries. During this time, cytokines affect the vascular, fi brotic, and 
cellular atrophy, leading to manifest injury. If severe enough, acute 
injury evolves into delayed injury without a distinct latent period 
that appears injury free. GMCSF, granulocyte macrophage colony-
stimulating factor; IL, interleukin; MMP, matrix metalloproteinase; 
TGF, transforming growth factor; TIMP, tissue inhibitor of metallopro-
teinase; TNF, tumor necrosis factor.
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a radiosensitizer for external beam radiation. 
Numerous clinical trials (mostly randomized 
and controlled) were conducted whereby 
patients undergoing radiation therapy for 
their malignancies were irradiated through 
the acrylic hull of monoplace HBOT cham-
bers while at pressure breathing 100% oxy-
gen. A comprehensive review of the experi-
ence employing HBOT radiosensitization 
has recently been published by Bennett 
and colleagues as part of the Cochrane Col-
laboration.21

Several of these studies demonstrated im-
provements in local control but not survival, 
and the practice of HBOT radiosensitization 
simultaneously with external beam irradiation 
had been largely abandoned.22 Since the mid-
1990s, several Japanese groups have begun in-
vestigating radiation just after HBOT for high-
grade brain tumors,23–26 and the possible effect 
of HBOT just before irradiation in head and 
neck cancers as a sensitizer is also the subject 
of a trial initiated by the Baromedical Research 
Foundation.27

Rationale for Hyperbaric Oxygen 
as a Treatment for or Prophylaxis 
against Radiation Injury

Since the 1970s, HBOT has been applied as a 
therapeutic modality for delayed radiation 
injury, with its application increasing to the 
point that about 50% of all patients treated in 
U.S. hyperbaric centers are treated for radia-
tion injury. HBOT has also been demonstrated 
to reduce the likelihood of radiation injury 
when applied as a prophylactic intervention 
under certain conditions.

Figure 12.1 illustrates a simplifi ed schema 
whereby radiation at its initiation sets off a 
complex combination of biochemical events 
which ultimately can result in signifi cant tissue 
damage. The three components of damage in-
clude the effects of fi brosis, stem cell depletion, 
and vascular obliteration and narrowing. These, 
of course, are not independent effects, but 
instead they combine in a complex fashion to 
result in delayed radiation toxicity. Figure 12.2 
summarizes the known and putative effects 

authors present several case series but only 
two randomized, controlled trials. In the fi rst 
randomized trial cited, Ferreira and investiga-
tors18 report success in having patients rinse 
their oral cavities with an oil solution contain-
ing vitamin E, resulting in a reduction in 
mucositis as compared with the placebo 
group. In another randomized, controlled
trial, Gothard and colleagues19 report no 
advantage for pentoxifylline and vitamin E in 
combination as treatment for upper extrem-
ity radiation-induced lymphedema. Delanian 
and Lefaix15 express their preference for a 
multidrug regimen in the treatment of de-
layed radiation injuries that includes pentoxi-
fylline, vitamin E, and clodronate. Their total 
experience with this combination includes 40 
patients with osteoradionecrosis (ORN) and 
18 with plexitis who have responded posi-
tively with this regimen.

This experience is contrasted with the 
HBOT experience published by Feldmeier 
and Hampson20 in 2002. A total of 74 publica-
tions were reviewed, with 67 of them demon-
strating successful treatment with HBOT. More 
than 1000 patient treatment courses were ac-
complished with HBOT in this review. Despite 
this large amount of accumulated clinical evi-
dence, no broad support exists in the radia-
tion oncology community for the use of HBOT 
in the treatment of delayed radiation injury. 
Delanian and Lefaix15 made the following 
statement on the basis of the recent negative 
trials by Pritchard and colleagues16 and An-
nane and coworkers17: “HBO today does not 
seem to be an effective treatment for RIF 
(radiation-induced fi brosis).”

Early Interactions of Radiation 
Therapy and Hyperbaric Oxygen: 
The Era of Radiosensitization

Molecular oxygen available in adequate lev-
els simultaneously at the time of treatment is 
the most potent and least toxic radiation 
sensitizer known. The initial clinical applica-
tion of HBOT to radiation therapy patients 
was its use as a radiosensitizer. During the 
1960s and early 1970s, HBOT was studied as 
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of HBOT. A number of researchers have shown 
HBOT’s effect in enhancing vascular density 
and resultant enhancement of tissue oxygen-
ation within the irradiated tissues. Following is 
further discussion on the impact of HBOT on 
fi brosis. Finally, recent evidence suggests that 
HBOT increases the release and mobilization of 
stem cells.

The application of HBOT has been most ex-
tensively reported in the treatment and preven-
tion of mandibular ORN. HBOT is an effective 
treatment modality for radiation necrosis be-
cause, at least in part, the pathophysiology of 
this process is vascular and stromal secondary 
to obliterative endarteritis. HBOT has been 
shown to induce neovascularization in this hy-
poxic milieu and to reduce fi brosis in irradiated 
tissues. Marx28 has compared the cellularity and 
vascularity in histologic specimens taken from 
the same patient before and after HBOT. These 
demonstrate an increase in vascular density and 
cellularity after completion of 30 HBOT treat-
ments. Marx28 has also shown an increase in se-
rial transcutaneous oxygen measurements taken 
while breathing surface-level air in patients un-
dergoing HBOT for mandibular necrosis.

The importance of the fi broatrophic effect 
on the incidence and severity of radiation in-
jury has been introduced earlier. Feldmeier and 
colleagues29,30 in an animal model of radiation 
small-bowel injury have shown that HBOT de-
livered before the manifestation of injury in-
creased the compliance of the small bowel to 
stretch and reduced the fi brosis of the small 
bowel as evidenced by a quantitative assess-
ment of collagen content in the tunica media of 
the bowel wall. The group from the University 
of Pennsylvania in two publications have dem-
onstrated that HBOT is effective in inducing 
and mobilizing stem cells by increasing nitric 
oxide.31,32 Though not yet proved to be a major 
effect in radiation injury, a putative impact on 
stem cell increase within the irradiated fi eld 
would provide yet another mechanism for a 
positive therapeutic effect by HBOT in radia-
tion-damaged tissues. Figure 12.2 presents a 
schematic summarizing the effects of HBOT on 
radiation injury.

The systematic review by Feldmeier and 
Hampson20 (see earlier) analyzes 74 publications 

that report the results of HBOT for a wide 
range of soft tissue and bony necrosis. This 
review was conducted in an evidence-based 
fashion. Sixty-seven of these 74 articles re-
ported a positive therapeutic effect. The nega-
tive reports were almost all in neurologic 
injury where, especially in the central nervous 
system, radiation injuries once fi xed are refrac-
tory to all interventions. Since this review ad-
ditional publications have been reported that 
detail the effects of HBOT on radiation injury. 
Not all have been positive, and one study, the 
trial by Annane and coworkers17 (see earlier 
discussion and also the detailed discussion 
later in this chapter), has created considerable 
controversy in the hyperbaric community 
because of the authors’ and third-party carriers’ 
interpretation of the results. As we show in this 
chapter, there are several problems with the 
study design that negate its implications in 
regard to HBOT for mandibular ORN.

In the following sections, we discuss the ap-
plication of HBOT to radiation injury on an 
anatomic or organ system basis. Another logi-
cal approach would be to consider soft-tissue 
radiation injury broadly and, separately, bwony 
radiation injury. Because of the special nature 

HYPERBARIC OXYGEN

Reduction 
of Fibrosis

Resolved 
Radiation 
Necrosis

Angiogenesis 
with

Elaboration of 
Growth Factors 

including 
VEGF, PDGF, 

IL1

Induction and 
Mobilization 
of Stem Cells

Combined with 
Surgery and Wound 
Care as Appropriate

Figure 12.2 Hyperbaric oxygen has been shown to enhance an-
giogenesis, decrease fi brosis, and mobilize stem cells. All of these 
effects can counteract the fi broatrophic, avascular, and acellular 
mechanisms of delayed radiation injury. Especially when bone is 
involved, appropriate surgical debridement/resection is necessary 
to resolve injury. IL-1, interleukin-1; PDGF, platelet-derived growth 
factor; VEGF, vascular endothelial growth factor.
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of neurologic injuries, especially central ner-
vous system injuries, in any scheme, these 
should be considered separately. In addition, 
we present some future potential applications 
of HBOT to the prevention and treatment of 
radiation injury.

HBOT also has an increasing role when sur-
gery is planned within the irradiated fi elds. 
An increasing body of literature exists apply-
ing HBOT in a predental and postdental dental 
implant procedure to enhance the bony inte-
gration of the dental implant when placed in 
irradiated bone.

Site-Specifi c Applications 
of Hyperbaric Oxygen to Delayed 
Radiation Injuries

Mandibular Necrosis

In the 1960s and early 1970s, several reports of 
partial success in applying HBOT to the treat-
ment for mandibular ORN were published. Suc-
cess was based on symptom relief, which was 
in this early experience for the most part partial 
and often temporary. While stationed at Wilford 
Hall United States Air Force (USAF) Medical 
Center, Dr. Robert Marx and his colleagues in 
collaboration with Davis and his coworkers at 
the USAF Hyperbaric Medicine Center across 
town at Brooks Air Force Base developed a stag-
ing system and treatment protocol that formally 
integrated HBOT into the multidisciplinary 
management of mandibular ORN.28

The specifi c recommendations for therapy 
followed quite logically from the assignment 
of a patient to a particular stage based on the 
severity of the patient’s mandibular damage. 
Two key elements are prominent in the Marx28 
protocol for mandibular ORN:

1. An emphasis on presurgical (debride-
ment or resection) HBOT consisting of 
30 treatments with an additional 
10 treatments after surgery

2. An absolute requirement that necrotic 
bone be surgically extirpated even if a 
bony discontinuity and need for recon-
struction results

In Marx’s28 protocol, HBOT was administered 
in a multiplace chamber daily at a pressure of 
2.4 atmospheres absolute (ATA) for a total of 
90 minutes of 100% oxygen at pressure.

Figure 12.3 displays a schematic depiction 
of Marx’s staging system and the treatments 
that are direct outgrowth of the stage assign-
ment. The following list represents the stag-
ing system that Marx28 developed to facilitate 
treatment decisions in the management of 
mandibular ORN:

a. Stage I: These patients have a relatively 
minor extent of their mandibular 
necrosis and are believed to require 
minor debridement to eradicate all 
necrotic bone. Patients receive 
30 HBOT treatments at 2.4 ATA for 
90 minutes. If response is good and 
exposed bone is covering, the patient 
undergoes 10 more treatments after 
debridement.

b. Stage II: These patients are believed 
to require more formal surgical debride-
ment but less than a discontinuity 
procedure. Stage I patients are also 
advanced to stage II if they are found 
to require more extensive surgical inter-
vention after the initial 30 HBOT treat-
ments. Debridement is accomplished 
after 30 HBOT treatments are com-
pleted. When formal debridement is ad-
equate to eliminate all necrotic bone, an 
additional 10 treatments are given after 
surgery. If patients are found to require 
resection to ensure removal of all 
necrotic bone, they are advanced to 
stage III.

c. Stage III: These are patients who have 
orocutaneous fi stula(e), pathologic frac-
ture, or necrosis extending into the infe-
rior cortical border of the mandible at 
presentation. Stage I and II patients 
who do not have resolution when 
treated according to these earlier stages 
are also advanced to stage III. Thirty 
HBOT treatments are given followed by 
resection with 10 postoperative HBOT 
sessions. After resection, patients are 
maintained in external fi xation to 
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maintain the relation of the temporo-
mandibular joint. About 10 weeks after 
resection reconstruction was accom-
plished followed by 10 postreconstruc-
tive HBOT sessions. Reconstruction in 
Marx’s series uses freeze-dried cadaver 
bone obtained from a bone bank and 
shaped into a carrier tray for the 
patient’s own corticocancellous bone 
harvested from the iliac crest. External 
jaw fi xation was maintained for 8 
weeks after the reconstruction to allow 
for successful osteogenesis.

Figure 12.4 shows an example of a stage III 
mandibular ORN. The necrotic process in-
volves the mandible diffusely with extension 
to the inferior margin of the mandible. The 
considerable forces placed on the mandible 
by the muscles of mastication puts such pa-
tients at risk for pathologic fracture.

Utilizing the developed protocol discussed 
earlier, Marx28 has reported 100% success 
in the treatment of mandibular ORN. Ultimately, 
nearly three fourths of his patients require 

advancement to treatment in stage III, with 
resection and reconstruction necessary for reso-
lution. The reconstruction techniques Marx has 
reported may be considered simplistic com-
pared with more modern surgically complex 
procedures such as free fl ap transfers with mi-
crovascular anastomoses; however, no reason 
has been found not to combine the use of free 
fl aps or rotational myocutaneous fl aps or any 
other surgical advances in reconstruction tech-
nology with HBOT. For best results as always in 
combined modality therapies, the best surgical 
technique for that patient should be combined 
with the best adjunctive treatment, in this case, 
HBOT. Reconstruction without HBOT has been 
reported where the most modern surgical tech-
niques are employed. Several have reported im-
pressive success, but none have been subjected 
to randomized trials, and reoperation has been 
required in many cases to achieve success.

Figure 12.5 demonstrates the surgical tech-
nique utilized by Marx28 and reported most 
frequently in his published series of mandibu-
lar resection and reconstruction in the treat-
ment of ORN.

Figure 12.3 The Marx staging and treat-
ment protocol in schematic fashion. See 
the text for a more complete explanation.

STAGE I
30 sessions prior to surgical intervention

Pathological fracture OR
Orocutaneous fistula OR

Inferior border of mandible involved
Go Direct to Stage III

Assess tissue response
if not advanced disease

NONRESPONDER

NONRESPONDER

RESPONDER
Softened bone, granulation 

tissue, no inflammation

STAGE II
More advanced surgery with

continuity of inferior mandible 
(e.g., sequestrectomy, plate removal)

Remove softened bone
10 further sessions

10 Postop sessions

10 Postop sessions

RESOLUTION
Stage I responder

RESOLUTION
Stage II responder

STAGE III
Advanced surgical intervention

soft-tissue reconstruction
bony reconstruction at 3/12
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A total of 14 publications, including those 
of Marx,28 were included in Feldmeier and 
Hampson’s review20 detailing the experience 
of applying HBOT to mandibular necrosis. To-
bey and Kelly’s report33 was a positive ran-
domized, controlled trial, though numbers 
were small and details in the report are incom-
plete. Only 12 patients were enrolled in this 
study. These patients were treated at 100% ox-
ygen at either 1.2 or 2.0 ATA. The authors state 
that those patients treated at 2.0 ATA “experi-
enced signifi cant improvement” compared 
with the control group that received oxygen 
at 1.2 ATA. No details are given regarding how 
randomization or outcome determination was 
made. Indeed, we cannot determine how many 

patients were assigned to either group. The 
study was randomized and double blinded in 
that neither the patient nor the clinician as-
sessing the patient knew to which arm the 
patient was assigned.

Other than Tobey and Kelly’s randomized 
study,33 the rest of the publications included 
in Feldmeier and Hampson’s systematic re-
view20 are case series. Of the 14 publications, 
only Maier and coauthors’ report34 fails to 
show a positive impact of HBOT in the treat-
ment of mandibular ORN. In this article, no 
HBOT is given before surgery. HBOT was 
added to management of ORN only after an 
attempt had already been made at surgical 
correction. Marx28 had previously established 

Split
Rib

Chin

Figure 12.5 The Marx technique of 
reconstruction. After hyperbaric oxygen and 
resection, the patient is reconstructed with 
cadaveric bone (in this case, a split rib) 
serving as the carrier tray for the patient’s 
own corticocancellous bone harvested and 
placed into the carrier. The patient is kept 
in external fi xation until the graft has ossi-
fi ed. Surgery is done extraorally to prevent 
infection by introduction of oral fl ora. 
(See Color Plate 4.)

Necrotic Mandible with
Extension to Lower Margin

Figure 12.4 A resected mandible with 
obvious stage III characteristics. The necrosis 
extends to the inferior table of the bone. 
In this case, hyperbaric oxygen must be 
combined with resection to resolve the 
process.
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the failure of the investigators to integrate 
surgical debridement or resection as needed 
into the management of mandibular ORN. 
Moon and colleagues38 point out that it is 
possible to deduce that nearly two thirds of 
the HBOT group of patients received fewer 
than 22 HBOT treatments. Laden37 in his 
response to the Annane article also points out 
that the control group of patients was at risk 
for the development of decompression sick-
ness because of the treatment pressure and 
mix of breathing gases consisting of 9% oxy-
gen and 91% nitrogen.

An editorial by Mendenhall39 (University 
of Florida) accompanied the Annane and 
coworkers’ article17 in the same issue of Jour-
nal of Clinical Oncology. Dr. Mendenhall, a 
radiation oncologist, points out that Annane 
and coworker’s study was underpowered, but 
he still suggests his belief that HBOT is not 
effective for mandibular ORN.

Additional publications have questioned the 
effi cacy of or at least the need for HBOT in the 
treatment of mandibular ORN. Gal and his as-
sociates40 have reported a series of 30 patients 
treated with microvascular reconstruction for 
stage III ORN. Twenty-one of these patients had 
had preoperative HBOT and continued to dem-
onstrate persistent disease despite this treat-
ment. At least some had had debridement be-
fore referral for defi nitive management of their 
radiation injury. Once in the authors’ hands, 
they had the appropriate debridement and re-
construction with free fl ap reconstruction of 
their mandibular defect. In the group that had 
already received HBOT, surgical complications 
occurred in 52%, whereas in the nonhyperbaric 
group, similar complications were seen in only 
22%. The authors suggest themselves that the 
HBOT group may have represented a more re-
calcitrant form of ORN because they were al-
ready failures to prior treatment. They also 
point out that those patients in Marx stage III 
ORN represent a heterogeneous group with a 
wide range of injury and outcome.

In a review article by Teng and Futran,41 the 
authors suggest that HBOT has no role in the 
management of either early or advanced ORN. 
This article is a review and does not present 
any new clinical experience.

the necessity of preoperative HBOT before 
any surgical wounding of irradiated tissues.

Since the publication of Feldmeier and 
Hampson’s review20 there have been additional 
reports of HBOT in the treatment of mandibu-
lar ORN. The negative randomized trial by 
Annane and coworkers17 has been the source 
of controversy in the hyperbaric and head and 
neck cancer communities. The Annane trial 
randomized a total of 68 patients with early 
stage mandibular ORN to either 100% oxygen 
at 2.4 ATA or mix of oxygen and nitrogen at 
this pressure, which provided the same partial 
pressure of O2 as that breathing air at ground 
level. Patients received 20 to 30 treatments 
with only minor curettage planned as surgical 
intervention. At one-year follow-up, resolution 
of symptoms was seen in 19% (31) of the 
HBOT arm and 12% (32) in the control arm. 
Resolution was defi ned as absence of pain, cov-
erage of exposed bone, and stabilization of 
radiographic fi ndings consistent with ORN. 
Treatment failure was demonstrated by any 
one of the following: pathologic fracture, bone 
resorption to the inferior table, cutaneous fi s-
tula, or the need for surgical intervention.

It has unfortunately been referenced by 
many including third-party carriers in exclud-
ing HBOT from the management of mandibu-
lar ORN. The study design has been the sub-
ject of criticism from several circles. The most 
serious failing of the study was its exclusion of 
surgery from the management of mandibular 
ORN. The intent of the study was to determine 
whether HBOT could be employed as a solo 
modality in the treatment of ORN. Marx28 had 
demonstrated two decades earlier that surgi-
cal extirpation of necrotic bone to the point of 
mandibular resection in nearly three fourths of 
patients was an absolute requirement for the 
consistently successful treatment of ORN. The 
need for surgical resection of necrotic bone 
originally dem onstrated by Marx was also con-
fi rmed by Feldmeier and coauthors35 in their 
review of HBOT in the treatment of radiation-
induced necrosis of the chest wall that in-
volved bone.

Several authors36–38 have responded to the 
results and conclusions of Annane and co-
workers’ article.17 These criticisms include 
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If all of the cases reported in the review 
by Feldmeier and Hampson20 are combined 
(excluding those that Tobey and Kelly33 re-
ported and noting that Marx’s28 second report 
includes the 58 patients reported earlier), we 
fi nd a total of 371 cases of mandibular ORN 
reported. A benefi cial effect is reported in 
310 cases, or 83.6%. A better end point for all 
reports of ORN would be resolution. In the 
earlier reports, HBOT was not combined with 
aggressive resection of necrotic bone or with 
surgical reconstruction of bony discontinuity. 
Marx reports 100% success, but this successful 
treatment requires mandibulectomy and re-
construction in the majority of his patients. 
Dr. Marx has set high standards for what he 
considers successful results in those patients 
treated for mandibular ORN. Marx reports suc-
cess not only with the re-establishment of 
bony continuity but also requires functional 
success in that these patients must be able to 

wear a denture for both mastication and cos-
mesis. Figure 12.6 demonstrates the impact 
that such a reconstruction supported by HBOT 
can have on patient appearance and quality of 
life. Nutrition is also a major concern in head 
and neck patients, who characteristically suf-
fer from nutritional defi ciencies. Rehabilitation 
with dentures is important. The additional 
negative studies include 22 patients in Gal 
and associates’40 article and 31 randomized to 
HBOT in Annane and coworkers’ article.17

Hyperbaric Oxygen for Prophylaxis 
of Osteoradionecrosis

Marx and associates28 accomplished a random-
ized, controlled trial that compared penicillin 
with HBOT before dental extractions as pro-
phylactic strategies to prevent mandibular ra-
diation necrosis in heavily irradiated mandibles. 

A B

Figure 12.6 A patient before (A) and after (B) mandibular reconstruction. The reconstructed mandible adds 
immeasurably to the patient’s quality of life and permits denture support, which improves the patient’s nutritional 
status. (See Color Plate 5.)
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least in some circles has turned against the 
need for HBOT for dental extractions in previ-
ously irradiated patients. It is also worth not-
ing that the recent negative reports represent 
a lower level of evidence than the randomized 
controlled trial accomplished by Marx28 estab-
lishing the role for HBOT in preventing ORN 
following dental extractions.

Laryngeal Necrosis

Cartilaginous necrosis of the larynx is an un-
common complication of therapeutic radia-
tion. In a well-planned and well-executed 
course of radiation wherein the larynx is in-
cluded in the radiation portals, it should occur 
no more than 1% of the time that the larynx 
is included in the radiation fi eld. Radiation 
necrosis of the larynx is more likely to occur 
when radiation fi elds are large and when dose 
per treatment and total dose are large. Neutron 
radiation is also associated with a greater 
incidence of laryngeal necrosis.

Four case series and a new case report 
have been published reporting the impact of 
HBOT as a treatment for radiation necrosis of 
the larynx.47–51 In these fi ve reports, most 
patients were treated for severe laryngeal ne-
crosis (Chandler grade 3 or 4). Most experts 
recommend laryngectomy for patients with 
laryngeal necrosis in Chandler grades 3 or 4. 
Recurrent or persistent tumor must be ruled 
out. In some series, when laryngectomy has 
been done, a majority of patients have been 
found to have an occult persistence or recur-
rence of their cancer. Both tumor and chon-
droradiation necrosis can present with airway 
compromise, edema, fetid breath, and produc-
tion of necrotic debris. Biopsy to eliminate 
the presence of cancer may be necessary. 
Biopsies, however, must be done with caution 
and are subject to sampling error. Extensive 
surgical wounding of already injured tissues 
may further exacerbate tissue damage.

In the four reports cited, a total of 42 pa-
tients were treated. Three in the series by 
Narzony and investigators50 had partial laryn-
gectomies. All but six in the combined groups 
avoided total laryngectomy, and most had 

Thirty-seven patients were treated in each 
group. Mandibular ORN occurred in only 2 of 
37 patients (5.4%) in the HBOT group. In the 
penicillin group, 11 of 37 patients (29.9%) ex-
perienced mandibular necrosis.

Besides the Marx28 controlled trial, two 
other case series have been published wherein 
prophylactic HBOT was applied to 53 addi-
tional patients before extractions or other 
surgical procedures in heavily irradiated man-
dibles and surrounding soft tissues. These 
two studies have been discussed previously 
in Feldmeier and Hampson’s review.20 When 
we combine all the patients from these three 
reports, we fi nd an incidence of ORN in 4.5% 
(4/90) of the HBOT prophylaxis group (2/37 
from Marx28; 1/29 from Vudiniabola42; and 
1/24 from David43). In Marx’s control group, 
the incidence of ORN was 29.9% (11/37).

Recent additional publications not in-
cluded in the previous review are available. In 
a prospective but not controlled trial, Chavez 
and Adkinson44 present 40 patients treated 
with HBOT to include 20 pre-extraction and 
10 postextraction sessions. In this study at 
1 year after extractions, 98.5% of tooth sock-
ets were healed.

Sulaiman and associates45 from Sloan-
Kettering have reported a series of 187 pa-
tients who required extractions after radia-
tion therapy. Most of these patients (180) did 
not receive HBOT prophylaxis, and only 4 of 
the 180 (2.2%) experienced development of 
ORN. Most of these patients had received 
doses of radiation between 6000 and 7000 
cGy. The authors attribute this low incidence 
to their atraumatic surgical technique. They 
question the need for HBOT in the prophy-
laxis of ORN for patients who require dental 
extractions after radiation therapy.

In 2006, Michael Wahl,46 a dentist in private 
practice, published a review article in the pre-
mier radiation oncology journal International 
Journal of Radiation Oncology, Biology and 
Physics. The author states, “There is insuffi -
cient evidence to support the use of prophy-
lactic HBO treatments … before extractions or 
other oral surgical procedures in radiation pa-
tients.”46 It is fair to say that recent sentiment 
as expressed in the above publications and at 
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good or excellent voice quality with complete 
resolution of their laryngeal necrosis.

Figure 12.7 presents a photographic series 
of a patient demonstrating cartilaginous necro-
sis of the supraglottic larynx. Treatment with 
predebridement HBOT followed by reconstruc-
tion with fl ap and graft supported by postsurgi-
cal HBOT led to resolution of the necrotizing 
process and preservation of the larynx.

Other Soft-Tissue Necrosis Injuries 
of the Head and Neck

In the latest version of Hyperbaric Medicine 
Practice,28 Marx reports his experience in a 
prospective, controlled trial applying HBOT 
to support the viability of soft-tissue fl aps 
designed to correct radiation and surgically 
induced defects in the head and neck in pa-
tients who had received at least a 6000-cGy 
radiation dose. Two groups each were pro-
spectively followed. Eighty patients were stud-
ied in each group. The HBOT group received 
20 preoperative and 10 postoperative HBOT 
treatments. Patients were treated at 2.4 ATA for 
90 minutes of 100% oxygen. The other group 
received otherwise identical treatment with 
surgery by the same surgeon but without any 
adjunctive HBOT. The groups were compared 
in regard to wound dehiscence, wound infec-
tion, and delayed healing. Marx reported the 
incidence of these outcome measures in 
the HBOT group versus the control group in 
the following fashion: (1) wound infection: 6% 
versus 24%; (2) wound dehiscence: 11% versus 
48%; and (3) delayed wound healing: 11% ver-
sus 55%. When we apply the �2 test to these 
results, we obtain highly signifi cant statistical 
results with P values of 0.004, less than 0.0001, 
and less than 0.0001, respectively, for each of 
these outcome measures.

Besides the Marx trial, there are four addi-
tional published case series reporting HBOT 
of soft-tissue radiation injuries of the head and 
neck (excluding the larynx, which has been 
discussed earlier as a special circumstance). 
Davis and colleagues52 report success in 15 of 
16 patients treated for soft-tissue radionecro-
sis of the head and neck. Many of these pa-
tients had large, chronic soft-tissue wounds as 

a result of their radiation injury. Neovius 
and colleagues53 in 1997 reported a series of 
15 patients treated with HBOT for wound 
complications of irradiated tissues. This series 
was compared with a matched historical con-
trol group treated at the same institution with-
out HBOT. In the HBOT group, 12 of the 
15 patients healed completely. Among the re-
maining patients, there was improvement in 
two and no benefi t in the fi nal patient. Only 
7 of 15 patients healed in the historical con-
trol group. In this group, two patients experi-
enced life-threatening hemorrhage, and 1 of 
these patients did bleed to death.

Figure 12.8 shows a pictorial series of a 
patient who had treatment for mandibular 
necrosis successfully 4 years previously. He 
continued to smoke, and two additional can-
cers developed; he was salvaged by surgical 
resection twice. Surgery was done through 
the fi eld of radiation with resultant soft-tissue 
necrosis. Ultimately, he required total laryn-
gectomy and a pectoralis rotational fl ap to 
close the resultant soft-tissue defect. In this 
series of HBOT treatments, he completed 
43 treatments in the chamber. His skin graft 
was lost, but ultimately an excellent granula-
tion base supported epithelial coverage.

Feldmeier and colleagues54 have reported 
the successful prophylactic treatment of pa-
tients undergoing radical surgical resection 
for salvage of head and neck cancers after 
not responding to primary cancer treatment 
including full-course irradiation. A high inci-
dence of serious surgical complications, 
including occasional fatalities, has been re-
ported to occur in up to 60% of such previ-
ously irradiated patients who underwent sur-
gery without the benefi t of HBOT. In this 
series, with a short course of HBOT (median 
number of treatments � 12) initiated imme-
diately after surgery, 87.5% of patients had 
prompt healing without signifi cant compli-
cations and with no deaths in the immediate 
postoperative period.

Narzony and investigators50 have reported 
their experience in treating delayed radiation 
injuries in head and neck cancer. This report 
includes six patients previously discussed in a 
review of treatment for laryngeal necrosis. 
Eight patients in total are reported in this case 
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Figure 12.7 A, A patient with soft-tissue necrosis including necrosis of the thyroid cartilage. B, He received 
predebridement hyperbaric oxygen therapy (HBOT) followed by closure of the defect with a fl ap and skin graft. 
C, Additional HBOT was delivered after surgery to enhance graft and fl ap survival. This type of wound is especially 
diffi cult to treat because it is constantly bathed in digestive salivary enzymes. The proximity of the carotid artery 
also puts the patient at risk for a fatal bleed unless the process is arrested. (See Color Plate 6.)

End of Treatment Post-Flap and Graft

C

Chondronecrosis with Exposed and Necrotic Cartilage

A

Mid-HBOT Postdebrid
ement

B
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In 1976, Hart and Mainous74 reported their 
experience in applying HBOT as an adjunct 
to skin grafting in six patients with radiation 
necrosis of the chest wall. All of these 
patients experienced successful graft take. 
Feldmeier and his colleagues33 have reviewed 
their case series of 23 cases of radiation 
necrosis of the chest wall. Eight had only 
soft-tissue necrosis, whereas 15 had a combi-
nation of bone and soft-tissue necrosis. 
Resolution in those with only soft-tissue in-
volvement was 75%. Those with a component 
of bone necrosis had resolution in only 53%. 
All of those patients with an element of bone 
necrosis required resection of the necrotic 
bone to achieve resolution. When bone is in-
volved, aggressive debridement to include 
resection of all nonviable bone is required for 
good results in injuries of the chest wall in 
the same fashion as demonstrated by Marx28 
many years previously in the treatment of 
mandibular ORN.

series. The other two include a patient treated 
for ORN of the temporal bone and a patient 
treated for soft-tissue necrosis with an esopha-
geal fi stula. All patients had resolution of their 
radiation injury with treatment including sur-
gery in fi ve of the eight to achieve resolution.

Chest Wall Necrosis

Radiation therapy is often applied to malignan-
cies of the thoracic region including lung, 
breast, certain lymphomas, and esophagus. Be-
cause modern radiation has skin-sparing prop-
erties, the chest wall is not often treated to full 
dose during such radiation treatments. In breast 
cancer, however, the skin and the subcutane-
ous tissues including ribs usually receive the 
full or nearly the full prescribed radiation dose. 
Chest wall injuries due to radiation most often 
occur as the result of breast cancer. HBOT in 
this setting has not been extensively reported.

Figure 12.8 This patient had multiple head and neck cancers and required surgical salvage twice after 
full-course radiation. A, Necrosis of skin graft placed after rotational fl ap. B, Wound after about 20 treatments 
and debridement of graft. C, Excellent granulation base and epithelial advancement. D, Follow-up about 3 months 
after completion of treatment. The wound closed without any additional surgery. (See Color Plate 7.)
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In 1998, Carl and Hartmann55 published a 
case study reporting the treatment of a single 
patient who had experienced long-standing 
symptomatic breast edema after conservative 
surgery and postoperative radiation. The patient 
completed 15 HBOT treatments at 2.4 ATA for 
90 minutes of 100% oxygen. The patient experi-
enced complete resolution of pain and edema 
with the hyperbaric intervention.

In 2001, Carl and colleagues56 published their 
experiences in treating 44 patients after lumpec-
tomy with HBOT for complications of radiation 
including breast pain, edema, fi brosis/fat necro-
sis, and telangiectasias/erythema. Patients were 
assessed a numeric score based on a modifi ed 
Late Effect of Normal Tissue-Subjective Objec-
tive Management Analytic (LENT-SOMA) scoring 
system. Each patient was given a score from 1 to 
4 for each of the four categories. Only patients 
with at least a sum of 8 or at least a pain score 
of 3 (persistent and intense) pain were included 
in the analysis. Forty-four women were offered 
HBOT. Thirty-two accepted treatment, and the 
other 12 refused treatment and constituted a 
nonrandomized control group. The authors re-
ported a statistically signifi cant reduction in the 
post-treatment LENT-SOMA scores in the HBOT 
group compared with those who did not re-
ceive HBOT. Scores for fi brosis and telangiecta-
sia were not decreased. Seven of the 32 women 
who received HBOT had complete resolution of 
radiation-induced symptoms.

Radiation Cystitis

Radiation is a frequent treatment for pelvic 
malignancies including rectal, prostate, and 
gynecologic malignancies. Fortunately, seri-
ous delayed radiation cystitis is not a com-
mon complication of pelvic radiation, but it 
can be a diffi cult therapeutic challenge. Hem-
orrhagic cystitis secondary to radiation may 
require cystectomy if it does not respond to 
nonsurgical measures such as instillation of 
formalin or alum. In the previously cited re-
view by Feldmeier and Hampson,20 17 articles 
that discuss the results in applying HBOT to 
the treatment of radiation cystitis were dis-
cussed. Bevers and colleagues’ report57 was 

the largest series at that time. It was a pro-
spective but nonrandomized trial. The re-
mainder of the reports are case series. As dis-
cussed in the review of Feldmeier and 
Hampson,20 Weiss and others have in addition 
to their original report, an updated report 
from 1998, included those patients from 
their original publication. The second article 
by Lee and coauthors58 detailing results in 
25 patients includes the 20 patients previ-
ously reported by the same authors.

Several additional publications addressing 
this issue have been published since the re-
view by Feldmeier and Hampson20 cited earlier. 
Neheman and associates59 from Israel have re-
ported a series of seven patients treated for 
hemorrhagic cystitis. All 7 patients received a 
course of HBOT consisting of a mean number 
of 30 treatments. Each treatment consisted of 
90 minutes of 100% oxygen at 2.0 ATA. All 
seven patients resolved initially with resolution 
of their hematuria. Two recurred and were re-
treated with success after an additional 30 to 
37 treatments. One patient with a primitive 
neuroectodermal tumor died from her malig-
nancy but had had resolution of her hematuria 
after 20 treatments.

In the largest series to date, Corman and 
colleagues60 from Virginia Mason have re-
ported a series of 57 patients in 2003 with an 
update in 2005 authored by Chong and co-
workers61 that included 3 additional patients. 
In this series, patients received an average of 
33 treatments at 2.36 ATA for 90 minutes of 
100% oxygen. Overall, the results were as fol-
lows: 18 had complete resolution, 26 had par-
tial resolution, 8 had no change, and 2 had 
worsening conditions. Eighty percent of those 
treated had either a total or partial resolution 
of hematuria. Of the 25 patients who also had 
clot retention, 6 had complete resolution, 
12 had partial resolution, 4 had no change, and 
2 had worsening conditions. In the update by 
Chong and colleagues61 in 2005, the authors 
demonstrate the importance of early interven-
tion with HBOT. When treatment was begun 
within 6 months of onset of hematuria, rates of 
improvement increased from 80% to 96% and 
improvement in clot retention improved from 
72% to 100%. In this study, outcomes were 
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assessed at least 12 months after completion 
of HBOT so that a true durable outcome was 
assessed, avoiding an overestimate of response 
predicated on early response rates without a 
determination of longevity of response.

Severe hemorrhagic radiation cystitis can 
be a life-threatening and quality-of-life limiting 
disorder. Cheng and Foo62 have reported their 
experiences in managing nine refractory cases 
of hemorrhagic radiation cystitis. Treatment in 
this series did not include HBOT. Six patients 
required bilateral percutaneous nephrosto-
mies. Three patients underwent ileal loop di-
versions of their urinary stream. Four of nine 
(44%) patients died despite these aggressive 
surgical interventions. In addition, Li and col-
leagues63 have reported a mortality rate of 
3.7% due to radiation-induced bladder injury 
in their retrospective review of 378 patients 
treated for cervical cancer.

Notably, many of the patients reported in the 
hyperbaric experience had already not responded 
to conservative management including continu-
ous irrigation and the instillation of alum or for-
malin. If we combine the patients reported previ-
ously in the publications reviewed by Feldmeier 
and Hampson20 to the additional patients re-
ported in these 2 new case reports, we fi nd that 
of 257 patients treated with HBOT, 196 or 76.3% 
have had either complete or partial response. A 
success rate of 76.3% with HBOT is all the more 
impressive when compared with the reported 
results with other more aggressive interventions. 
It is also noteworthy that 18 of 19 publications 
are positive reports. Only the study by Del Pizzo 
and coworkers64 fails to demonstrate a benefi t 
for HBOT. The positive results for HBOT in the 
treatment of radiation-induced cystitis have been 
reported by clinicians from several different 
countries and three different continents.

Radiation Enteritis/Proctitis

Feldmeier and Hampson20 reviewed 14 publi-
cations reporting the published experience 
in providing HBOT as a component of the 
management of delayed radiation-induced 
injuries of the small and large bowel. Nine of 
these publications were either case reports 
or case series.

Since the publication of Feldmeier and 
Hampson’s review,20 several additional clinical 
reports have been published. Jones and associ-
ates65 from Toronto have reported their experi-
ence in treating 10 patients with radiation-
induced proctitis. Three of their patients had 
grade 3 toxicity (bleeding requiring transfu-
sions). The other seven had grade 2 toxicity 
consisting of rectal pain, diarrhea, or both. Six in 
this group had rectal bleeding but had not 
required transfusion. Nine of the 10 patients 
completed treatment without toxicity. Rectal 
bleeding resolved in four of nine patients and 
improved in three other patients; two were 
nonresponders. Rectal pain completely resolved 
in three of fi ve patients. Diarrhea resolved com-
pletely in one of fi ve patients and improved 
in three others. Of the 10 patients treated, only 
2 did not have detectable improvement with 
HBOT. Median follow-up was 25 months.

Girnius and coauthors66 from the University 
of Cincinnati have published their experiences 
in the HBOT of nine patients with radiation-
induced hemorrhagic proctitis. Three of these 
patients had had unsuccessful argon plasma 
coagulation or electrocautery before HBOT. 
Five had had prior hospitalizations and transfu-
sions. With a median follow-up of 17 months, 
seven of the nine patients had complete resolu-
tion of their symptoms and the other two had a 
partial response but still had some bleeding.

The largest published experience to date 
comes from the Virginia Mason group and is 
documented in two publications.67,68 Sixty-fi ve 
patients (37 male and 28 female patients) re-
ceived HBOT for radiation injury to the gastroin-
testinal tract. All injuries were documented by 
endoscopy. Fifty-four of these injuries were to 
the rectum, whereas 15 patients had injuries to 
the more proximal alimentary tract (7 small 
bowel, 6 colon, 6 duodenum, and 4 stomach). 
The total exceeds 65 because some patients had 
multiple injuries. Patients received an initial 
planned course of 30 HBOT treatments at 2.36 
ATA for 90 minutes of 100% oxygen. For a subset 
of patients who demonstrated partial response 
at 30 treatments, additional treatment varying 
from 6 to 30 treatments was given. The authors 
report complete and partial response rates of 
43% and 25%, respectively, overall. Results were 
slightly worse for rectal cancers when analyzed 
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achieve this success. In 1996, Feldmeier and col-
leagues71 reported their series of 44 patients 
treated with HBOT for various radiation-
induced injuries of the pelvis and abdomen. 
Their results in treating enteritis and proctitis 
have been presented earlier in this chapter. 
Twenty-six of 31 patients (84%) who were 
treated with HBOT for delayed radiation inju-
ries of the abdominal wall, groin, perineum, va-
gina, or pelvic bones and had at least 20 HBOT 
treatments had complete resolution in this se-
ries. Included among these patients were six 
with vaginal necrosis, and all of these patients 
experienced complete healing of these lesions.

Fink and colleagues72 have recently pub-
lished a series of 14 patients treated with HBOT 
for a variety of radiation-induced pelvic injuries 
with HBOT. Six of the 14 had injuries of the va-
gina or introitus (4 with ulcers, 1 with stenosis, 
and 1 characterized simply as vaginitis). Many of 
these patients had injuries to several organ sys-
tems simultaneously including proctitis, cystitis, 
and enteritis. For those treated for vaginal injury 
either alone or in combination with injury to 
other organs, the outcome was one resolution, 
four with greater than 50% improvement, and 
one patient with less than 50% response. For all 
patients in this series with a variety of injuries, 
the authors report a response rate of 71% 
(at least 50% improvement). Most patients re-
ceived only 30 HBOT treatments. Only 2 pa-
tients in this series received more than 30 treat-
ments at 2.4 ATA. One patient with a necrotic 
ulcer at the vaginal introitus had complete heal-
ing after 40 treatments. The other patient had 
37 treatments for radiation proctitis and cystitis 
with less than 50% response.

When we combine the results of these four 
series, restricting ourselves to only the vaginal 
injuries (excluding proctitis and cystitis) re-
ported in Fink and colleagues’ article,72 we 
fi nd that 45 of 52 (87%) had successful treat-
ment (at least a partial response) with HBOT 
for injuries of the abdomen and pelvis.

Extremities

Farmer and his colleagues69 (see earlier) treated 
a single patient with HBOT for radiation injury of 
the foot. This patient was not treated successfully. 

separately with response rates of 65% compared 
with 73% for the more proximal lesions.

If we combine the studies for the purpose of 
analysis, the results of HBOT in 197 cases of 
proctitis, colitis, or enteritis treated with HBOT 
have been reported. Of these, 80 (41%) have 
resolved completely and 169 (86%) have had at 
least a partial response, whereas only 14% have 
failed to show any response.

The animal studies by Feldmeier and col-
leagues29,30 (see earlier discussion of mecha-
nisms by which hyperbaric is effective) demon-
strated a decrease in fi brosis in the small bowel 
of animals subjected to whole abdominal radia-
tion and then treated with prophylactic intent 
with HBOT. Both histologic and functional as-
says were accomplished in both study and 
control animals. The functional assay involved 
stretching the bowel in a radial fashion to deter-
mine compliance. The histologic assay applied 
a special stain (Mason’s trichrome stain) to al-
low for a quantitative assessment of the amount 
of fi brosis in the wall of animals that received 
HBOT compared with animals that did not 
receive HBOT. In this model, enough time 
(7 months after radiation) was allowed to pass 
before the various assays were accomplished to 
allow for the vascular and fi brotic changes to 
become established. As discussed earlier, it is 
characteristic that a latent period of 6 months 
to several years transpires between the comple-
tion of radiation until the appearance of serious 
delayed radiation damage. The gut, as a hollow 
tube from mouth to anus, must permit adequate 
compliance to allow for the passage of food 
and products of digestion.

Miscellaneous Abdominal and Pelvic 
Injuries

In an early report of the effects of HBOT on 
delayed radiation injury, Farmer and colleagues69 
in 1978 included a case report of a single pa-
tient with vaginal radiation necrosis. Complete 
resolution for this injury was accomplished 
with HBOT. In 1992, Williams and coworkers70 
reported a series of 14 patients treated with 
HBOT for vaginal necrosis. Thirteen of these 
patients had complete resolution. One patient 
required two separate courses of HBOT to 
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Feldmeier and colleagues73 also reported their 
series of 17 patients treated with HBOT for radia-
tion-induced necrosis of the extremities. Sixteen 
of these patients had only soft-tissue necrosis, 
whereas one had elements of ORN and soft-
tissue radiation necrosis. In this series, 11 of 
13 patients (85%) in whom follow-up was avail-
able and who did not have recurrent cancer had 
complete healing of their necrosis.

Neurologic Radiation Injuries

In their review article, Feldmeier and Hamp-
son20 present 14 publications wherein HBOT 
has been applied to radiation-induced neuro-
logic injury. Injuries consisted of necrosis of 
the brain, transverse myelitis of the spinal 
cord, optic nerve injury, and brachial plexopa-
thy. Since publication of that review, a few 
additional studies have been published.

Brain Necrosis

The fi rst reported case of radiation-induced 
brain necrosis treated with HBOT was pub-
lished in 1976 by Dr. George Hart,74 who ob-
served improvement but not resolution. Since 
the publication of Dr. Hart’s report, there have 
been seven additional publications of HBOT 
for radiation-induced necrosis of the brain.75–81 
All of these have been case series or case 
reports. Chuba and coauthors75 report on 
10 children treated for necrosis. All of these 
children improved initially, whereas fi ve sus-
tained durable improvement. Four patients had 
died of recurrent tumor by the time of the re-
port. In Leber and colleagues’ article,76 one of 
two patients had complete resolution of the 
lesion on magnetic resonance imaging and the 
other had improvement by magnetic reso-
nance imaging. In the second largest report, 
by Dear and coworkers,78 9 of 20 patients 
improved with HBOT. Eleven patients had 
glioblastoma multiforme. In this subgroup, only 
one patient showed improvement. In part at 
least, treatment failure in the majority of these 
11 patients represents tumor progression in 
this lethal tumor. Seven of these 11 patients 
had died before the publication of the report.

Gesell and colleagues79 have reported 
29 patients treated with HBOT for brain ne-
crosis. This is the largest series to date. Neu-
rologic examination improved in 17 (58%) of 
these patients, and steroid requirements had 
decreased in 20 patients (69%).

An issue in determining response to HBOT is 
the signifi cant diffi culties in distinguishing radi-
ation necrosis from tumor. Necrosis often causes 
a mass effect and appears much like a tumor 
with the anatomic-based imaging modalities of 
computed tomography and magnetic resonance 
imaging. Positron emission tomography and 
magnetic resonance spectroscopy (as metaboli-
cally based imaging modalities) are able to 
make the distinction between tumor and necro-
sis at least in some cases. Not infrequently, a 
combination of tumor and necrosis in surround-
ing normal tissues will be present in a given 
patient when the patient undergoes craniotomy 
and resection. A total of 65 patients have been 
treated in the above listed publications, with 
improvement reported in 44 patients (68%).

Radiation Myelitis

Transverse radiation myelitis is an exceedingly 
rare but devastating complication of thera-
peutic radiation. Initially, symptoms of Brown–
Séquard syndrome may be present with loss 
of motor control on one side and sensation on 
the contralateral side of the body much like a 
hemitransection of the spinal cord. Ultimately, 
the neurologic defi cit progresses to become 
identical to a complete transection of the spi-
nal cord. In addition to the obvious severe 
impairment of quality of life, transverse myeli-
tis has dire implications for survival with most 
patients progressing to death within a few 
months. Fortunately, it is rare. At the University 
of Florida in the treatment of head and neck 
cancers, Marcus and Million82 reviewed their 
experiences in treating head and neck can-
cers over 23 years. They report an incidence 
of myelitis of 2 in 1112 patients, or 0.18%.

The total published clinical experience 
applying HBOT to radiation myelitis consists of 
two case series and an additional case report. 
In 1976, Hart74 reported a series of fi ve 
patients, all of whom had improvement in 
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sensory function but no improvement in mo-
tor function. Glassburn and Brady83 in 1977 
reported a series of nine patients in whom im-
provement was seen in six. In 2000, Calabrò 
and Jinkins84 reported a single case where the 
patient experienced progressive improvement 
after HBOT. Combining all 3 of these publica-
tions, of a total of 16 clinical cases reported, 
12 patients had some improvement.

In addition to this clinical experience, 
Feldmeier and colleagues85 reported an animal 
study in 1993 where myelitis was delayed in its 
onset for several weeks in a group of animals 
that received HBOT 7 weeks after the comple-
tion of irradiation. In this study, the conditions 
of all animals in both the control and the three 
study groups progressed ultimately to severe 
myelitis. On review, the dosing scheme was 
probably so excessive that no durable preven-
tion would be achievable by any means.

In another animal model, Sminia and coau-
thors86 investigated whether HBOT given im-
mediately or at intervals of 5, 10, or 15 weeks 
after an initial fractionated dose of 6500 cGy 
could prevent the subsequent development of 
radiation-induced transverse myelitis after an 
additional single dose of 2000 cGy. In this 
study, animals were not afforded any radiopro-
tection by the HBOT. The HBOT regimen 
consisted of 30 daily treatments at 240 kPa 
(2.4 ATA), each consisting of 90 minutes of 
100% oxygen exposure.

Based on this limited clinical and animal 
experience, it is really impossible to speak 
with any certainty regarding the effects of 
HBOT in this disorder. However, because no 
other therapies have been effective and the 
consequences are so devastating, the applica-
tion of HBOT should be considered.

Optic Nerve

Five articles reporting the application of 
HBOT to the treatment of optic neuritis have 
been published to date.87–91 All are either 
small case series or case reports. Four of 
the fi ve publications detail positive results for 
the maintenance or improvement of vision. 
The three case reports demonstrate strongly 
positive results with HBOT, whereas the two 

small case series give mixed but mostly nega-
tive results. In a series of four patients by Guy 
and Schatz,87 the two who had prompt treat-
ment (within 72 hours of onset) improved. If 
treatment was delayed by more than 72 hours, 
no improvement was detected.

The largest series of 13 patients, by Roden 
and investigators,88 showed no improvement 
in any patient in their series. It should be 
noted that in this series, no patient initiated 
treatment sooner than 2 weeks after onset of 
visual loss, and treatment was initiated as long 
as 12 weeks after onset of visual loss. Guy and 
Schatz87 had shown that HBOT was unlikely 
to be effective if started more than 72 hours 
after onset of visual loss. Eleven of 23 patients 
in this case series were also treated with ste-
roids with doses as high as 1000 mg methyl-
prednisolone daily, which was also ineffective. 
In a total of 20 patients reported in the above 
publications who have received HBOT for ra-
diation-induced optic neuritis, improvement 
has been reported in 7 (35%).

These results taken on the whole are cer-
tainly mixed, and a defi nitive case for HBOT 
cannot be made in the treatment of radiation-
induced optic neuritis. However, because its 
application in these circumstances can be 
predicated based on the same mechanistic 
principles as in brain necrosis and radiation-
induced myelitis, and again because there are 
no other useful strategies and because the 
implications of progressive optic neuropathy 
are so dire, treatment based on humanistic 
considerations should be offered. Treatment 
must be initiated promptly to be effective.

Brachial Plexus and Sacral Plexus

A single case report by Videtic and Venkatesan,92 
published in 1999, reports a positive outcome in 
a patient receiving HBOT for a radiation-induced 
sacral plexopathy.

Pritchard and colleagues93 have reported 
the results of a randomized, controlled trial 
applying HBOT to the treatment of brachial 
plexopathy. The authors report that the trial 
did not demonstrate an advantage for the 
HBOT group compared with a control group 
based on their primary study end point, warm 
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sensory threshold measurement. However, a 
careful reading of the Results section of the 
article reveals that the patients in the study 
group experienced a decreased rate of deterio-
ration in physical function compared with the 
control group, and this difference was still sta-
tistically signifi cant 12 months after comple-
tion of the study. Lymphedema in 6 of 17 HBOT 
patients improved unexpectedly with no such 
improvement in the control group.

The observation that lymphedema may be 
treated effectively by HBOT led to two studies, 
one by the British group conducting the bra-
chial plexus study and one by the University of 
South Carolina group.94,95 The British group 
enrolled 21 patients in a single arm trial where 
patients were exposed to 30 treatments of 
HBOT at 2.4 ATA for 100 minutes. Three of 
19 patients had reduction in their arm volume 
by more than 20%. Six of 13 patients had im-
proved lymphatic drainage as measured by a 
radioactive isotope clearance study. Eight of 
15 patients had at least moderate lessening of 
induration in the breast, mammary fold or su-
praclavicular fossa. The mean reduction in arm 
volume was 7.51% at 12 months. These results 
were statistically signifi cant.

In the study by Teas and investigators94 
from South Carolina, 10 women who had been 
irradiated and sustained upper extremity 
lymphedema received 20 HBOT treatments in 
a monoplace chamber at 2.0 ATA. Hand lymph-
edema was reduced an average of 38%, but 
total lymphedema volume was not reduced. In 
the eight women who experienced benefi t, 
the improvement was persistent to an average 
14.2 months of follow-up. The authors also 
assayed VEGF-C (the lymphatic vessel growth 
factor). It increased with HBOT, and these 
results were statistically signifi cant.

Precautions: Does Hyperbaric Oxygen 
Enhance Cancer Growth 
or Recurrence?

Frequently, patients and health-care profes-
sionals alike will express a reluctance to 
consider HBOT as a treatment for radiation 
injury because of fears that exposure to 

high-pressure oxygen will increase the likeli-
hood of recurrence or enhance growth in an 
occult cancer. From a commonsense mecha-
nistic perspective, these concerns would 
seem reasonable at fi rst glance. After all, 
HBOT is typically used to stimulate angio-
genesis and cellular proliferation in chronic 
wounds. Feldmeier and associates96 reviewed 
this issue initially in 1994 and updated this 
review in 2003.97 These review articles con-
sidered the published experience in animal 
models and in clinical experience. Most of 
the clinical experience was obtained from 
the era of controlled trials conducted in the 
1960s and 1970s wherein HBOT was investi-
gated as a radiation sensitizer. Most of these 
studies showed no enhancement of cancer 
recurrence or growth. A few trials reported 
in this review actually suggest a possible re-
tardation of malignant growth with expo-
sure to HBOT. In the latter of these two re-
views, the authors discuss the important 
differences in control and initiation of angio-
genesis in tumors versus healing wounds 
and postulate that these important differ-
ences explain why cancer growth enhance-
ment is not enhanced, whereas wound heal-
ing enhancement is seen after hyperbaric 
oxygen exposure.

Since publication of the Feldmeier reviews, 
several other authors have reported on this 
issue. In 2004, Chong and associates98 re-
ported that in an animal model of trans-
planted human prostate cancer cells, there 
was no increase in tumor vessel density, pro-
liferative index, differentiation, or apoptosis 
markers in animals exposed to HBOT com-
pared with control animals. Six additional in-
vestigations have been published including 
studies of cell cultures, chemically induced 
murine mammary tumors, xenografts of hu-
man head and neck cancers transplanted into 
experimental animals, and murine colorectal 
cancer cells transplanted to cause liver metas-
tases.99–104 None of these publications showed 
enhanced growth of the cancers being stud-
ied. In fact, Granowitz and colleagues’ arti-
cle102 showed inhibited growth of a human 
mammary transplanted tumor after exposure 
to hyperbaric oxygen.

              



CHAPTER 12 Hyperbaric Oxygen Therapy for Delayed Radiation Injuries 253

Promising Areas for Additional 
Research

The prophylaxis of radiation injury with early 
HBOT is certainly preferable to its treatment 
after it has become fully developed. The nature 
of delayed radiation injury with the character-
istic latent period between treatment and full 
expression of the injury provides an opportu-
nity to intervene before its clinical manifesta-
tion. It is, however, not practical to treat all 
700,000 or so patients who receive therapeu-
tic radiation annually in the United States with 
prophylactic HBOT. Most patients will not re-
quire any therapeutic intervention because 
they will not demonstrate a degree of radia-
tion injury that is life threatening or quality of 
life reducing. The development and validation 
of predictive assays that would reliably iden-
tify those at high risk for injury will permit 
prophylactic intervention. Currently, it is rea-
sonable to consider prophylactic delivery of 
HBOT to those who have received exception-
ally high doses of irradiation either acciden-
tally or intentionally when reirradiation is 
planned in the setting of salvage therapy where 
few, if any, other options may be available.

The identifi cation of useful predictive assays 
for delayed radiation injury will most likely 
involve the refi nement of our understanding of 
the currently identifi ed fi brogenetic cytokines 
and the recognition of additional cytokines or 
other as yet unidentifi ed bioactive reactive 
chemicals that are generated in response to 
radiation. Other assays could include functional 
or metabolic measurements such as transcuta-
neous oxygen or soft-tissue tonometry or com-
pliance testing.105

There has been a renewed interest in revisit-
ing HBOT for its radiation-sensitizing proper-
ties. This application is based on sound radia-
tion biology principles. Innovative methods to 
administer radiation during or just after a ses-
sion of HBOT have been discussed by several 
investigators. At the University of Amsterdam 
at the Children’s Cancer Center, researchers 
have pioneered a technique whereby children 
with advanced neuroblastoma are infused with 
a radioactive isotope (MIBG) and then treated 

with HBOT.106 The addition of hyperbaric oxy-
gen sensitization has led to much improved 
response rates. We discussed earlier the interest 
by several Japanese groups in irradiating high-
grade brain tumor patients immediately after 
HBOT. The Baromedical Research Institute has 
initiated a protocol for treating head and neck 
cancer patients with radiation immediately 
after HBOT.

SUMMARY

HBOT has shown consistent benefi t in treating 
patients with delayed radiation injury when it 
is applied as a portion of the multidisciplinary 
management of delayed radiation injury. When 
it is applied to ORN, management must include 
surgical extirpation of necrotic bone. We must 
remember the hard-learned lessons of Marx 
and others. When surgery is required, the bulk 
of planned HBOT should come before this sur-
gical intervention. Fruitful areas for future 
HBOT for the radiation patient should include 
early prophylactic intervention for those rec-
ognized to be at high risk. Additional future 
applications for HBOT as a radiosensitizer also 
give great promise. Randomized protocols 
should establish the effi cacy and optimal pro-
tocols to be used when using HBOT as a radia-
tion sensitizer. The medical community, espe-
cially our youngest colleagues in the 21st 
century, demands evidence-based guidance 
when selecting therapeutic endeavors. Cur-
rently, the Baromedical Research Institute has 
taken the lead in providing randomized, con-
trolled studies to establish the role of HBOT for 
these indications. Ultimately and ideally, reason-
ably large randomized and multi-institutional 
trials will support and defi ne the optimal ap-
plication of HBOT to the treatment and pro-
phylaxis of radiation injury and its use as a ra-
diosensitizer.
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Gas Embolism

Gas embolism, which is the entry of gas into 
the vascular system from veins, arteries, or 
both, is a potentially life-threatening event and 
can result in serious morbidity and mortality. 
Venous gas embolism (VGE) occurs when gas 
enters the venous circulation, usually from 
iatrogenic causes in the operating room or 
other invasive medical procedures. VGE may 
lead to cardiovascular collapse or to paradoxi-
cal arterial gas embolism (AGE). AGE is the 
entry of gas into the pulmonary veins or arte-
rial circulation and most commonly results 
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from pulmonary barotrauma (PBT) while 
scuba diving. However, gas can be injected 
directly into the arterial circulation during 
radiologic procedures and cardiac bypass sur-
gery or transgress through the pulmonary 
circulation, a patent foramen ovale, or any 
right-to-left shunt, leading to AGE.

Entry of gas into venous or arterial vessels 
requires a source of gas (usually the atmo-
sphere or insuffl ation during arthroscopy or 
laparoscopy), a breach in the vascular wall, and 
a pressure gradient that favors entry of gas into 
the vessel. Although the clinical consequences 
of VGE and AGE are different, therapeutic inter-
ventions may be similar.

VENOUS GAS EMBOLISM

Epidemiology

VGE occurs when air enters the systemic ve-
nous system. Because of the increased invasive-
ness of modern diagnostic and therapeutic 
technologies, a striking increase in VGE has 
been reported in the literature. Improvements 
in end-tidal carbon dioxide and Doppler moni-
toring confi rm that VGE is a common event 
during surgical procedure.1 The exact inci-
dence of VGE is unknown because many cases 
of VGE are subclinical and are unreported. All 
of the procedures that can lead to VGE have in 
common an incised vascular bed and a hydro-
static pressure gradient favoring the entry of 
gas into the vasculature.

Table 13.1 summarizes the surgical and 
invasive procedures that have been associated 
with VGE. Neurosurgical procedures have the 
greatest risk for VGE because of the upright 
position of the patient during surgery, the posi-
tion of the brain relative to the heart, and 
numerous noncompressed venous channels 
potentially exposed to air.2 VGE is also com-
mon during central venous catheterization 
and catheter removal.3–5 Intravascular gas may 
be introduced during cardiovascular surgery 
including cardiopulmonary bypass grafting 
and angioplasty.6–8 During laparoscopic sur-
gery, air is delivered by positive pressure within 
the abdominal cavity, increasing the risk for 

Table 13.1 Surgical or Invasive Procedures 
Associated with Gas Embolism

NEUROSURGICAL

Sitting position craniotomies
Posterior fossa procedures
Spinal fusion
Cervical laminectomy

CARDIAC

Cardiovascular surgery
Cardiopulmonary bypass grafting
Angioplasty

PULMONARY

Lung biopsy
Thoracentesis

ORTHOPEDIC

Total hip arthroplasty
Arthroscopy

GASTROINTESTINAL

Laparoscopy
Laparoscopic cholecystectomy
Retrograde cholangiopancreatography
Orthotopic liver transplantation
Percutaneous hepatic puncture

GYNECOLOGIC

Therapeutic abortion
Hysteroscopy
Cesarean delivery

UROLOGY

Transurethral prostatectomy

VGE, which has been reported during laparos-
copy9 and laparoscopic cholecystectomy.10 
Data suggest that VGE is not simply a compli-
cation of insuffl ation, but that surgical manipu-
lation leading to inadvertent open vascular 
channels causes VGE.11

VGE and subsequent AGE have been re-
ported during other surgical procedures in-
cluding transurethral prostatectomy12 and 
lung biopsy.13–15 Fatal AGE has been associ-
ated with endoscopic retrograde cholangio-
pancreatography.16 VGE is well described 
during orthotopic liver transplantation17,18 
and percutaneous hepatic puncture.19 In ad-
dition, VGE is reported as a complication of 
arthroplasty and arthroscopy.20–23 VGE can 
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result from obstetric and gynecologic sources 
including oral sex during pregnancy,24 thera-
peutic abortion,25 hysteroscopy,26 and cesar-
ean delivery.27,28 Death from AGE associated 
with sexual intercourse after vaginal delivery 
has been reported.29

Table 13.2 lists the nonsurgical causes of 
gas embolism. VGE and AGE can result from 
nonsurgical procedures including pulmonary 
overexpansion during mechanical ventila-
tion30 and during hemodialysis.31,32 VGE 
caused by a computed tomography (CT) in-
jector has been reported, but in the majority 
of cases the air does not arterialize.33,34 Pen-
etrating chest injuries can allow air to enter 
the circulation leading to VGE and AGE.35,36 
Massive cerebral air embolism may occur af-
ter entrance of air into the circulatory system 
via ruptured pulmonary vessels during car-
diopulmonary resuscitation.37 Cerebral and 
coronary gas embolism have occurred from 
inhalation of pressurized helium38,39 and in-
gestion of hydrogen peroxide.40

Pathophysiology

The pathophysiology of VGE is related to the 
volume of gas that enters the vasculature and 
the rate of accumulation of gas. Rapid entry of 
gas or large volumes of gas cause increased 

right pulmonary artery pressures with resul-
tant right ventricular strain.

Pulmonary

The pulmonary circulation and alveolar inter-
face allow for dissipation of intravascular gas. 
The pulmonary arterioles and capillaries usu-
ally act as an effective fi lter against gas bubbles 
reaching the systemic circulation. However, 
the ability of the lung to fi lter air may be ex-
ceeded by rapid introduction of large quanti-
ties of air during invasive procedures. In a dog 
model, Butler and Hills41 demonstrated that 
when infused slowly, air bubbles of greater 
than 22 �m in diameter are fi ltered by the 
lungs. However, 30 mL of air injected into a 
central vein exceeded the fi ltering capacity of 
the lung and produced embolization through 
the left heart and into the arterial circula-
tion.42,43 Gas bubbles in the pulmonary circu-
lation increase microvascular permeability44 
and can lead to endothelin 1 release from the 
pulmonary vasculature, causing pulmonary hy-
pertension.45 Changes in the resistance of the 
pulmonary vessels lead to ventilation/perfu-
sion mismatch and abnormal gas exchange.46

Cardiac

A large volume of gas can strain right ven-
tricular outfl ow because of migration of the 
emboli to the pulmonary circulation, increas-
ing pulmonary artery pressure and decreas-
ing pulmonary venous return. Because of di-
minished pulmonary venous return, there is 
decreased left ventricular preload, which can 
lead to compromised cardiac output causing 
arrhythmias and systemic cardiovascular col-
lapse.47 Animal experiments estimate the 
lethal volume of gas as an acute bolus is 
0.55 mL/kg in rabbits48 and 7.5 mL/kg in 
dogs.49 From case reports of accidental injec-
tions of intravascular air, Toung and col-
leagues50 estimate that the lethal volume of 
gas in an adult human is 200 to 300 mL, or 
3 to 5 mg/kg. Such large amounts of gas can 
cause a gas “air lock” in the right ventricle 
with complete outfl ow obstruction, leading 
to immediate cardiovascular collapse.47

Table 13.2 Nonsurgical Causes 
of Gas Embolism

DIRECT VASCULAR ACCESS

Central venous catheterization and catheter removal
Hemodialysis
CT injector

CHEST TRAUMA

Penetrating chest injuries
Cardiopulmonary resuscitation
Blast injuries

OTHER

Mechanical ventilation
Inhalation of pressurized helium
Ingestion of hydrogen peroxide
Oral sex during pregnancy
Sexual intercourse after vaginal delivery
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Paradoxical Embolism

Paradoxical embolization occurs when gas 
that has entered the venous circulation 
migrates to the systemic arterial circulation, 
leading to signs and symptoms of an AGE. 
The two mechanisms by which this can 
occur are migration of gas through a right-to-
left shunt (i.e., a patent foramen ovale) and 
overwhelming the pulmonary capillary fi ltra-
tion system.

A patent foramen ovale is found in 27.3% 
of the general population and 34% of people 
younger than 30 years at the time of au-
topsy.51 When the pressure in the right atrium 
exceeds the pressure in the left atrium, a he-
modynamically important right-to-left shunt 
occurs and blood fl ows through the foramen 
ovale. VGE may cause increased pulmonary 
artery pressures, as mentioned earlier, lead-
ing to elevated right heart pressures, causing 
gas to pass through a patent foramen ovale 
and into the systemic circulation.52–54 In ad-
dition, the use of mechanical ventilation and 
positive end-expiratory pressure may also 
increase right heart pressures, allowing gas 
to pass across a patent foramen ovale.

Venous air may also transverse the pulmo-
nary vasculature to enter the arterial circula-
tion. Animal studies demonstrate the pres-
ence of intra-arterial bubbles after a large 
bolus of gas or a small, continuous injection 
of gas into the venous system.41,55,56 Butler 
and Hills42 have demonstrated arterial embo-
lization of gas after a 30-mL bolus injection 
of air into a central vein in a dog model. They 
determined that the physiologic fi lter of the 
lung becomes overwhelmed above 0.4 mL · 
kg�1 · min�1. Spencer55 studied a slow ve-
nous injection (0.15 mL/kg/min) of gas into 
the jugular vein of sheep and detected arte-
rial embolization by Doppler in the majority 
of sheep, none of which had any evidence of 
cardiac shunts at postmortem examination. 
Fatal cerebral gas embolisms from large ve-
nous gas emboli have been reported in hu-
mans without evidence of an intracardiac 
septal defect.57,58

Clinical Manifestations

The clinical manifestations of VGE are depen-
dent on the volume of gas that enters the 
vasculature and the rate of entrainment of gas. 
VGE produces cardiovascular, pulmonary, and 
neurologic sequelae. Symptoms of right heart 
strain may develop, and tachyarrhythmias and 
hypotension may occur as cardiac output 
declines. Awake patients may complain of 
acute dyspnea, coughing, and chest pain. Pul-
monary signs may include rales and wheezing. 
If the patient is being monitored, such as dur-
ing anesthesia, decrease in end-tidal carbon 
dioxide and hypercapnia can be detected.1 
Invasive monitoring may show increased pul-
monary airway pressure and central venous 
pressure. Reduced cardiac output from out-
fl ow obstruction, right ventricular failure, or 
myocardial ischemia can lead to cardiovascu-
lar collapse, resulting in cerebral hypoperfu-
sion and altered mental status. The neurologic 
presentation of venous gas emboli that pass 
into the arterial circulation and cause cerebral 
AGE are discussed in the following section.

Diagnosis

The diagnosis of VGE and possible resulting 
AGE is a clinical diagnosis and requires a high 
index of suspicion. A sudden loss of conscious-
ness or hemodynamic collapse during or 
immediately after any invasive procedure that 
has a risk for gas embolism may indicate a gas 
embolism. The temporal relation between the 
injection of air and the sudden development of 
symptoms must lead the clinician to a pre-
sumptive diagnosis of possible gas embolism.

Numerous real-time monitors can be used 
for the detection of VGE, and many of these 
are now standard during surgical procedures. 
Transesophageal echocardiography can visu-
alize intravenous and intracardiac bubbles di-
rectly and is the most sensitive monitoring 
device for VGE.59 However, its use is limited 
by the fact that it is invasive and requires ex-
pertise and constant monitoring. Precordial 
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Doppler is the most sensitive of the noninva-
sive monitors and has been used with success 
in detecting VGE.60 Transcranial Doppler ul-
trasound is highly sensitive for detection of 
gas that has passed through a right-to-left 
shunt or a direct AGE and is often used during 
procedures with a high risk for gas embolism, 
such as neurosurgical procedures or cardiac 
surgery.61,62 A decrease in end-tidal carbon di-
oxide levels may indicate a change between 
ventilation and perfusion and may be indica-
tive of a VGE in the pulmonary circulation.63

Treatment of Venous Gas Embolism

The treatment for VGE is primarily supportive. 
Further entry of gas must be prevented. The 
patient should be placed on 100% oxygen to 
treat hypoxia and hypoxemia. Supplemental 
oxygen also reduces the size of the gas 
embolus by establishing a diffusion gradient to 
increase the egress of gas from the bubble.64 
Aggressive cardiopulmonary resuscitation may 
be indicated and has been shown to be effec-
tive for massive VGE that results in cardiac 
arrest.65 Cardiac massage may force air out of 
the pulmonary outfl ow tract into smaller pul-
monary vessels and improve blood fl ow. Both 
dog models and clinical human evidence have 
demonstrated the effi cacy of cardiac massage.66 
In the case of VGE via a subclavian vein cathe-
ter, Coppa and colleagues67 have recommended 
advancing the catheter into the heart to with-
draw air from the right ventricle. Although 
some authors have suggested aspiration of air 
from the right heart percutaneously,68–70 no 
data support emergent catheter insertion for 
aspiration of gas from acute VGE.

Because VGE increases right ventricular 
afterload resulting in right ventricular failure 
and a decrease in left ventricular output, ino-
tropic support of the right ventricle may be 
indicated. Dobutamine and ephedrine have 
been successfully used in patients with VGE-
induced hemodynamic dysfunction.71,72

The use of hyperbaric oxygen therapy 
(HBOT) for the treatment of AGE that results 
from paradoxical embolism from VGE or gas 

injected directly into the arterial circulation is 
discussed in detail in the following section. 
However, it remains questionable whether 
HBOT should be used routinely for iatrogenic 
VGE. Clearly, as mentioned earlier, AGE as a 
result of VGE should be treated with HBOT, 
and there are reports suggesting improved 
outcome.73–75 As most patients with small VGE 
(i.e., those of no or minimal hemodynamic 
consequences) do well with supportive care, 
HBOT is probably not indicated in those 
cases. In patients with severe cardiovascular 
instability, the risks versus benefi ts of trans-
port to a hyperbaric chamber must be consid-
ered, especially because there are no clear 
data indicating an improved outcome in such 
patients treated with HBOT.

ARTERIAL GAS EMBOLISM AND 
PULMONARY BAROTRAUMA

Epidemiology

AGE secondary to PBT ranks second only to 
drowning as a cause of death in scuba div-
ers.76,77 In addition, AGE can lead to uncon-
sciousness in the water with subsequent 
drowning and may be misclassifi ed as a drown-
ing death by pathologists. Any condition that 
leads to unconsciousness in the water, such as 
an AGE, an arrhythmia, or hypoglycemia, can 
result in aspiration of water and subsequent 
pathologic changes associated with drowning, 
hence leading to an incorrect diagnosis. AGE 
may actually be the leading cause of death in 
scuba divers.78,79

PBT caused by overinfl ation was fi rst re-
ported in cases where bellows were used to 
provide artifi cial ventilation around the time 
of the Civil War,80 whereas AGE was fi rst de-
scribed by Polack and Adams in 1932.81 Cur-
rently, the exact incidence of PBT in divers is 
unknown because cases may be asymptomatic 
and therefore go undiagnosed. In a group of 
submarine-escape trainees, 2 of 170 had as-
ymptomatic evidence of extra-alveolar air on 
chest radiographs after submarine-escape 
training.82 In a series of divers with AGE, 
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Harker and coworkers83 reported radiographic 
evidence of PBT in 42%. The incidence of AGE 
in divers is not known because it may be mis-
diagnosed. Based on data collected by the Div-
ers Alert Network, approximately 100 cases of 
AGE occur annually in the United States, Carib-
bean, and Canada combined.77

PBT and secondary AGE occur more fre-
quently in novice or inexperienced divers and 
are usually associated with panicking in the 
event of an out-of-air situation or a rapid, uncon-
trolled ascent.84 Other specifi c activities that 
especially carry a risk for PBT and AGE include 
submarine-escape training, out-of-air emergency 
ascent training, and buddy-breathing ascent 
training.85,86

Pulmonary Barotrauma

PBT from diving results from expansion of gas 
trapped in the lungs during ascent. If a diver 
does not allow the expanding gas to escape, a 
pressure differential develops between the 
intrapulmonary air space and the ambient 
pressure. The combination of overdistension 
of the alveoli and overpressurization causes 
the alveoli to rupture, producing a spectrum 
of injuries collectively referred to as PBT. Un-
der experimental conditions in fresh chilled 
human cadavers, a transpulmonic pressure 
(the difference between the intratracheal and 
the intrapleural pressures) of 95 to 110 cm 
H2O is suffi cient to disrupt the pulmonary 
parenchyma leading to extra-alveolar gas.87,88

Breath-holding is the most common cause 
of PBT and AGE in sport divers. In submarine-
escape trainees, breath-holding did not appear 
to be a major factor, leading to the conclusion 
that, in the majority of these patients, some 
intrinsic abnormality of the lungs was the 
cause of the injury. Review of pulmonary 
function tests in submarine-escape trainees 
found that a small forced vital capacity (but 
still within the reference range) was the only 
factor that correlated with a risk for PBT.89 
Localized overinfl ation of the lung from fo-
cally increased elastic recoil may occur in div-
ers who ascend at a proper rate.90,91 Theoreti-
cally, if there are focal areas of decreased 

compliance in the lungs, the adjacent areas of 
normal compliance would be subjected to 
greater forces leading to barotrauma.92 With 
immersion in diving, central pooling of blood 
causes an increase in intrapulmonary blood 
volume and the lungs become stiffer (less 
compliant); this decreased compliance of the 
lung may increase the risk for PBT. This may 
explain the almost complete absence of case 
reports of AGE associated with hyperbaric 
chamber operations.

The exact mechanism of PBT is unclear. 
There are reports of divers with AGE with no 
history of breath-holding ascent.84 Scuba divers 
with asthma do not appear to have a greater 
risk for idiopathic AGE than nonasthmatic div-
ers.93 Tetzlaff and colleagues94 suggest that, 
theoretically, divers with preexisting small lung 
cysts on chest CT scan may be at increased risk 
for PBT. Currently, in the absence of breath-
holding, there does not seem to be a reliable or 
valid method to accurately predict who is or is 
not at risk for PBT and subsequent AGE.

Signifi cant change in barometric pressure 
occurs in shallow water. Boyle’s Law dictates 
greater volume changes for a given change in 
depth near the surface than at greater depths. 
Thus, shallow depths are the most dangerous for 
breath-holding ascents. A pressure differential 
of only 80 mm Hg (alveolar air) above ambient 
water pressure on the chest wall, or about 3 to 
4 feet of depth under water, is adequate to force 
air bubbles across the alveolar-capillary mem-
brane. PBT has occurred from breath-holding 
during ascent from a depth as shallow as 4 feet 
of water.95

The diagnosis of PBT is based on the devel-
opment of characteristic symptoms after diving. 
The actual clinical manifestations may take sev-
eral forms, depending on the course that the 
extra-alveolar air travels. Once the alveoli rup-
ture, air can remain in the interstitium, causing 
localized pulmonary injury and alveolar hemor-
rhage. Air can travel along the perivascular 
sheaths and dissect into the mediastinum. This 
air can track superiorly to the neck, resulting in 
subcutaneous emphysema, and can dissect infe-
riorly and posteriorly, causing pneumoperito-
neum. The air may dissect to the visceral pleura, 
causing a pneumothorax. If air enters the 
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pulmonary vasculature, it can travel to the heart 
and embolize systemically, causing AGE. If the 
volume of air is suffi cient, it can completely 
block the central vascular bed.96

Clinical Manifestations of Pulmonary 
Barotrauma

The clinical manifestations of PBT depend on 
the location and amount of air that escapes 
into an extra-alveolar location.

Local Pulmonary Injury

Expanding air can rupture the alveoli, causing 
localized pulmonary injury and capillary 
bleeding without other signs of PBT such as 
pneumomediastinum or AGE. Diffuse alveolar 
hemorrhage has been described as a rare 
manifestation of PBT.97 Symptoms of local 
pulmonary injury include chest pain, cough, 
and hemoptysis. A chest radiograph may show 
evidence of intraparenchymal lung injury and 
bleeding. Figure 13.1 shows a radiograph of 
an inexperienced diver who panicked at 
60 feet sea water (18 meters sea water) and 
rapidly ascended to the surface. He never aspi-
rated sea water and had signifi cant hemopty-
sis on the boat and at a local clinic. His chest 
radiograph shows diffuse intraparenchymal 
lung injury and bleeding.

A diver with local pulmonary injury without 
any evidence of AGE does not require recom-
pression and should be treated with supportive 
care; however, great care must be taken to as-
sure that the patient did not have a transient 
episode of neurologic dysfunction immediately 
after the event because one of the natural histo-
ries of AGE is of spontaneous improvement. The 
neurologic examination that is performed must 
be so complete as to safely rule out subtler 
forms of brain injury that might be the conse-
quence of a less obvious AGE. Subtle parietal 
lobe dysfunction may be the only abnormality 
detectable on physical examination by the time 
the patient reaches the hyperbaric chamber.98 
Complaints of hemisensory loss or an episode 
of transient loss of consciousness should be 
considered an AGE until proved otherwise.

Pneumomediastinum

Pneumomediastinum or mediastinal emphy-
sema is the most common form of PBT, result-
ing from pulmonary interstitial air dissecting 
through the perivascular sheaths of the pulmo-
nary vasculature along bronchi to the medi-
astinum. The diver may be asymptomatic or 
complain of substernal chest pain; however, 
respiratory distress is typically not present. The 
air can dissect from the mediastinum up to the 
neck, causing subcutaneous emphysema, and 
the diver may experience hoarseness and neck 
fullness. Subcutaneous emphysema may be 
present and palpated as crepitance under the 
skin of the neck and anterior chest. In severe 
cases, the diver may report marked chest pain, 
dyspnea, and dysphagia.

On physical examination, a crunching sound 
synchronous with cardiac action may rarely be 
auscultated (Hamman’s sign), and a chest ra-
diograph confi rms the diagnosis. Radiographs 
may show extra-alveolar air in the neck, medi-
astinum, or both, although with the above fi nd-
ings, radiographs are not necessary to make 
the diagnosis. Figure 13.2 is a radiograph of a 
diver who surfaced rapidly and demonstrates 

Figure 13.1 Radiograph of diffuse alveolar hemorrhages and 
intraparenchymal lung injury associated with pulmonary barotrauma.
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air along the left heart, causing a refl ection of 
the pleural away from the left border of the 
heart. Subcutaneous air is also seen in the 
neck. In distinction to clinically obvious PBT, 
the presence of air on a radiograph may be 
subtle and should be looked for along the pul-
monary artery and aorta, and along the edge of 
the heart. Figure 13.3 reveals subtle, small air 
lucency along the left mediastinum on pos-
teroanterior view and posterior to the heart 
on the lateral view. When doubt exists, com-
puterized tomography is more sensitive than a 
plain radiograph.

Treatment of pneumomediastinum is con-
servative, consisting of rest, avoidance of fur-
ther pressure exposure (including fl ying in 
commercial aircraft), and observation. Al-
though there is no standard recommendation 

regarding safety of air travel after documented 
PBT, no data support long periods of refrain-
ing from air travel and 1 week is most likely 
adequate. Supplemental oxygen administra-
tion may be useful in severe cases. As men-
tioned earlier, any transient neurologic symp-
toms in the presence of pneumomediastinum 
suggest an AGE and a detailed neurologic ex-
amination is indicated. Recompression is indi-
cated only in cases associated with either 
confi rmed or suspected AGE.

Pneumothorax

Pneumothorax is an infrequent manifestation 
of PBT83 because it requires that air be vented 
through the visceral pleura, a path presum-
ably having greater resistance than air track-
ing through the interstitium. Pneumothorax 
has been reported to occur in 5% to 10% of 
cases of AGE.99 Despite being infrequent, 
pneumothorax must be considered and ex-
cluded whenever PBT or AGE is suspected 
because recompression can theoretically turn 
a simple pneumothorax into a tension pneu-
mothorax during ascent in the chamber. Al-
though an untreated pneumothorax is almost 
universally considered an absolute contrain-
dication to hyperbaric treatment, if a practi-
tioner is so equipped, a tension pneumotho-
rax can be treated by simple venting within 
a multiplace chamber.

In cases of diving-related pneumothorax, 
the diver usually describes pleuritic chest pain, 
breathlessness, and dyspnea, just as in cases of 
pneumothorax from any other cause. Occa-
sionally, a pneumothorax can be complicated 

Figure 13.2 Radiograph of air along the left heart showing a 
refl ection of the pleural away from the left border of the heart 
(see arrow). This should not be confused with pneumocardium, 
which can be seen in fatal cases of arterial gas embolism.

A B

Figure 13.3 Radiograph of subtle 
pneumomediastinum of air along the left 
mediastinum on posteroanterior view 
(A) and posterior to the heart on the 
lateral view (B).
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by a large hemothorax. Figure 13.4A presents 
a radiograph of a diver who ran out of air and 
made a panic ascent; Figure 13.4B shows a CT 
scan of the same diver demonstrating a mas-
sive pneumohemothorax.79 Plain radiographs 
may confi rm the diagnosis; however, as with 
mediastinal emphysema, a CT scan is more 
sensitive. Because the majority of diving-
related pneumothoraces are small, treatment 
may consist simply of supplemental oxygen 
and observation, and repeating the chest radio-
graph as needed to ensure resolution. Tube 
thoracostomy is usually reserved for larger 
pneumothoraces or if the diver is to undergo 
recompression treatment.

Arterial Gas Embolism

AGE results from air bubbles entering the pul-
monary venous circulation from ruptured al-
veoli. When air is introduced into the pulmo-
nary capillaries, gas bubbles are showered into 
the left atrium, to the left ventricle, and subse-
quently into the aorta, where they are distrib-
uted throughout the vasculature. In addition, 
air introduced into the pulmonary vasculature 
appears to be capable of raising right side pres-
sures so it distributes into the entire central 
vascular bed (i.e., pulmonary artery, the right 
ventricle, the superior and inferior vena cavae, 
and even the subclavian veins). Figure 13.5 
shows air in both subclavian vessels from a 
diver who died of an AGE. The exact mecha-
nism by which gas enters the pulmonary vas-
culature remains unknown.

Pathophysiology of Arterial 
Gas Embolism

Much of our understanding of the pathophysi-
ology of AGE is based on experimental models 
in animals, clinical studies of thromboembolic 
stroke in humans, and limited clinical series of 
human AGE victims. There are, however, major 
differences between the observations made in 
these animal models and the clinical experi-
ence in human victims. Because most of the 
animal experiments of AGE use a model that 
injects gas directly into the cerebral vascula-

ture, caution must be taken in extrapolating 
these experimental data with the injury pro-
duced by PBT-induced AGE in humans.

Animal experiments demonstrate that over-
distension of the lung coupled with overpres-
surization allows gas to enter the circula-
tion,81 and in a dog model, lung rupture 
occurs when lung volume approaches three 
times functional residual capacity.100 The bub-
bles entering the aorta pass into the systemic 
circulation, lodging in small- and medium-
sized arteries and occluding the more distal 
circulation, and the distribution of these bub-
bles appears to be related to blood fl ow rather 
than gravity.101 Although bubbles can cause 

A

B

A

B

Figure 13.4 A, Radiograph of a diver who ran out of air and 
made a panic ascent. B, A computed tomography scan of the 
same diver demonstrating a massive pneumohemothorax.
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sustained occlusion of the cerebral vascula-
ture, if the gas volume is not suffi cient to 
interfere with the circulation,102 most bubbles 
will pass through the cerebral vasculature af-
ter varying amounts of delay.103,104 Occlusive 
bubbles lodge most frequently in small arteri-
oles with a diameter of 30 to 60 �m, which 
are found at the junction between the white 
and the gray matter105; thus, this area may be 
particularly prone to injury from AGE.106

A variety of changes is seen in the cerebral 
and systemic circulation after embolization. Ce-
rebrospinal fl uid pressure increases secondary 
to a reactive hyperemia with a resultant in-
crease in cerebral blood volume.107–109 Systemic 
hypertension occurs either by an increase in 
circulating catecholamines and release of vaso-
pressin110 or by a brainstem refl ex. Vasodilata-
tion occurs and autoregulation of cerebral per-
fusion is lost, resulting in blood fl ow that 
refl ects the changes in systemic blood fl ow and 
systemic blood pressure. The end result is a fur-
ther increase in cerebral blood volume. Within 
30 to 60 minutes after the injection of air, cere-
brospinal fl uid pressure decreases109 and areas 
of hyperemia develop adjacent to areas of hypo-
perfusion.111

Bubble damage to the vascular endothe-
lium causes the release of vasoactive sub-
stances both in the brain and the lung.112–114 

This combined with platelet and leukocyte 
aggregation around bubbles115,116 helps to ex-
plain the delayed effects of air embolization 
on circulatory dynamics,117 and blood fl ow 
can progressively decrease to a level below 
which neuronal function is compromised or 
even neuronal death occurs118,119 despite the 
return of cerebral circulation after the pas-
sage of gas bubbles.

Decompression adversely affects nitric ox-
ide (·NO)–mediated endothelial cell func-
tion.120 Bubbles are known to incite endothe-
lial cell shear stress because of the “negative 
wake” created as they pass through the circula-
tion and “microstreaming” when a bubble is in 
close proximity to the endothelial lining.121,122 
Shear stress is a potent activation stimulus for 
nitric oxide synthase and NADPH oxidase, es-
pecially when fl ow is pulsatile.123,124

Experiments with cerebral air embolism 
demonstrate an immediate opening of the 
blood–brain barrier after embolization.125 This 
increased permeability is short lived and tends 
to return to normal after several hours.126 The 
permeability to large molecules peaks within 
60 minutes after embolism, but then falls off 
rapidly. Permeability to smaller molecules may 
remain increased for up to 24 hours. Edema 
appears to be vasogenic rather than cytotoxic 
in origin, which is usually associated with cere-
bral ischemia. Neuronal adenosine triphos-
phate decreases and lactic acid production 
increases, which may further increase cellular 
damage.127,128 The electroencephalogram and 
evoked potentials become abnormal immedi-
ately after embolization.109

Air injected directly into the cerebral circula-
tion in animal models results in initial hyperten-
sion, ventricular arrhythmias, then hypotension 
and eventually death.107 Premature ventricular 
contractions and runs of ventricular tachycar-
dia occur, but sudden cardiac arrest does not 
occur. Cardiac arrest develops late only after 
spontaneous ventilation ceases or circulatory 
collapse occurs. When air is injected into 
the left ventricle and coronary arteries, death 
occurs only after the animals experience devel-
opment of hypotension and depressed left ven-
tricular function. Again, sudden cardiac arrest 
does not occur in these animal models129 in 

Figure 13.5 Radiograph of a diver who died of an arterial gas 
embolism showing air in the subclavian artery and vein.
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distinction to the clinical course seen in some 
human victims.

Clinical Manifestations of Arterial 
Gas Embolism

Clinical manifestations of cerebral air embo-
lism are sudden and occur within minutes of 
ascent. Approximately 4% of victims of AGE 
will suffer immediate cardiac respiratory arrest 
and die. Another 5% will die in the hospital 
because of consequences of the AGE or severe 
near-drowning that can accompany AGE. More 
than half of the remaining victims of AGE will 
have a complete functional recovery.

Sudden Death Caused by Arterial 
Gas Embolism

Approximately 4% of divers who suffer an AGE 
will die immediately, presenting with sudden 
loss of consciousness, pulselessness, and ap-
nea. These victims are generally not responsive 
to immediate cardiopulmonary resuscitation 
or recompression. Previously, the cause of sud-
den death from AGE was thought to be caused 
by either refl ex arrhythmias from brainstem 
embolization or myocardial ischemia second-
ary to coronary artery embolization and occlu-
sion.107,130 These hypotheses were advanced 
because earlier experiments, in a dog model, 
were unable to cause cardiac arrest by inject-
ing air into the left ventricle.131

Unfortunately, these proposed mecha-
nisms do not explain what is seen in more 
recent animal models or clinically in humans. 
In animal models of AGE, death caused by 
embolization of the cerebral vasculature oc-
curs only after prolonged periods of emboli-
zation and after ventilation is suppressed by 
the central nervous system dysfunction be-
cause of embolization. Similarly, accidental 
injection of air into the coronary arteries of 
humans (in catheterization mishaps) does 
not result in sudden death but rather chest 
pain, transient hypotension, and ischemic 
electrocardiographic changes. Furthermore, 
there is only one case report of a myocardial 
infarction associated with an AGE,132 and this 

would be expected more frequently if death 
were due to occlusion of coronary arteries 
from air. Biochemical evidence for myocar-
dial ischemia in cases of AGE has also not 
been found.133

In human victims who die suddenly of 
AGE, they die most frequently immediately 
on surfacing. Autopsies typically reveal large 
amounts of air in the central vascular bed, 
particularly in the pulmonary arteries and 
right ventricle.134 When one examines radio-
graphs of human victims of AGE who die sud-
denly, there is complete fi lling of the central 
vascular bed with air, including the left ven-
tricle, aorta, carotid arteries, and subclavian 
vessels.79,96,134,135 Figure 13.6 is a fatal case of 
PBT and AGE showing large amounts of air in 
the central vasculature, fi lling the cardiac 
chambers, aorta, carotid arteries, and subcla-
vian vessel. Figure 13.7 is a radiograph of an-
other fatal case of AGE revealing air in 
the aorta. Thus, it appears that the primary 
mechanism of cardiac arrest in most cases of 
AGE is vascular obstruction caused by air 
leading to pulseless electrical activity.79,96

Figure 13.6 A fatal case of pulmonary barotrauma and 
arterial gas embolism demonstrating air fi lling the central 
vasculature including air in the heart, aorta, carotid arteries, 
and subclavian vessel.
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Signs and Symptoms of Arterial 
Gas Embolism

Victims of AGE present with varied neurologic 
and systemic signs and symptoms depending 
on the amount and distribution of air. The 
most common initial neurologic manifestations 
of AGE include loss of consciousness, stupor, or 
confusion. Headache, cortical blindness, mono-
plegia or asymmetric multiplegia, focal paraly-
sis, paresthesias or other sensory disturbances, 
convulsions, aphasia, visual fi eld defects, and 
vertigo or dizziness are also frequent fi ndings 
(Table 13.3). Hemiplegia and other purely uni-
lateral brain syndromes are somewhat less fre-
quent. Paraparesis or paraplegia is extremely 
unusual and in one large study was reported 
not to occur.136 This is not unexpected because 
paraplegia would require either absolutely bi-
lateral symmetric cortical emboli or isolated 
emboli to spinal arteries.

As noted previously, many patients improve 
dramatically between the time they surface 
and the time they are actually examined at a 
medical facility. Therefore, the history of the 
events surrounding the incident should ideally 
be carefully explored with any individuals 
who were at the site of the accident. Even 
though spontaneous improvement is common, 
some victims of AGE deteriorate secondarily 
during hyperbaric treatment137 presumably 
because of worsening cerebral edema, in-
creased intracranial pressure, and the effect of 

vasoactive substances released from the lungs 
from the initial PBT.138

Although the physical fi ndings of AGE are 
extremely variable, the signs or symptoms 
should be referable to occlusion of portions of 
the vasculature of the central nervous system. 
All patients with suspected AGE should be care-
fully examined for neurologic defi cits because 
fi ndings can be subtle and require detailed ex-
aminations, including testing of cognitive func-
tion.98 Such testing is rarely possible at the dive 
site, so divers who have a history suggestive 
of AGE (most commonly a transient loss of 

Figure 13.7 Radiograph of a fatal case of arterial gas 
embolism showing air in the aorta.

Table 13.3 Signs and Symptoms of Patients 
Presenting with Arterial 
Gas Embolism

NEUROLOGIC

Loss of consciousness
Stupor and confusion
Unilateral motor and/or sensory changes
Bilateral motor and/or sensory changes
Monoplegia
Asymmetric multiplegia
Focal paralysis
Convulsions
Asphasia
Vertigo
Ataxia
Dizziness
Headache
Dysmetria
Decreased coordination (rapid alternating movements)
Calculation errors
Construction diffi culty

VISUAL CHANGES

Cortical blindness
Gaze preference
Homonymous hemianopsia
Nystagmus

PULMONARY

Chest pain
Shortness of breath
Hemoptysis
Crepitus

OTHER

Cardiac arrest
Nausea
Vomiting
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consciousness, an episode of blindness, or a 
period of disorientation after ascending from a 
dive) but do not manifest any gross symptoms 
or signs of neurologic injury in the fi eld should 
be considered to possibly have had an AGE and 
be referred to a hyperbaric treatment facility.

Because running out of air near the end of a 
dive is a common cause of AGE in sport scuba 
divers, there is some degree of gas loading in the 
tissues; as a result, a combination of AGE and 
decompression sickness (DCS) can be seen in 
this setting. The effects of the intravascular gas 
associated with AGE on diffusion of gas from 
tissues remains speculative; however, it does 
appear that AGE can precipitate DCS in divers 
who are well within the U.S. Navy no-stop limits 
and who otherwise would not be expected to 
experience development of DCS.139,140 Fre-
quently, the DCS occurring in this setting is ex-
tremely resistant to the usual forms of therapy. 
This syndrome has been referred to as Type III 
DCS139 or biphasic DCS.79 The clinical picture 
of this syndrome is a diver who presents with 
symptoms of an acute AGE and with treatment 
improves signifi cantly or recovers completely 
from the initial presentation. Later, or even dur-
ing recompression treatment, signs and symp-
toms of spinal cord DCS develop. Despite fur-
ther HBOT, recovery can be minimal.

Hematologic and Biochemical 
Abnormalities

In addition to the effects on the cerebral circu-
lation, AGE produces systemic hematologic 
and biochemical abnormalities. Gas bubbles 
are thought to cause direct organ injury, injury 
to vascular endothelium, or both. Patients with 
AGE usually present with hemoconcentration, 
most likely because of third-spacing of fl uid 
due to endothelial injury from intravascular 
gas damage. The degree of hemoconcentration 
correlates with the neurologic outcome of the 
diver.141 Creatinine kinase (CK) concentration 
is increased in almost all cases of AGE and also 
correlates with neurologic outcome of the 
diver.133 In this study, all divers who suffered 
an AGE with peak CK values of less than 
1000 units were discharged from the hospital 
with a completely normal neurologic examina-

tion. The majority of the increased CK concen-
tration is from skeletal muscle (the MM com-
ponent). CK concentration begins to increase 
within a few hours after the AGE insult and 
peaks at approximately 15 hours after the 
event before declining rapidly over the next 
24 to 48 hours. Figure 13.8 demonstrates this 
temporal relation between AGE and CK. 
CK-MB level is increased in some cases, and 
nonspecifi c electrocardiographic changes can 
occur142; however, true myocardial infarction 
caused by AGE is extremely rare. Even in cases 
of AGE with increased CK-MB level, functional 
studies of the heart show no evidence of wall 
motion abnormalities after recovery.133 In-
creased troponin level has been reported in 
cases of coronary air embolism not associated 
with diving.28,39,143 With the widespread avail-
ability to measure troponin, future data will 
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help to defi ne the importance of these bio-
chemical abnormalities.

Bubbles cause injury to other organs such as 
the liver, and increased serum glutamic oxalace-
tic transaminase, serum glutamic pyruvic trans-
aminase, and lactate dehydrogenase levels can 
be found in victims of AGE.144 The increases 
in these enzymes correlate with the degree of 
increase of CK concentration and refl ect the 
widespread systemic embolization of gas in 
AGE and secondary damage to the endothe-
lium. Despite increases of these enzyme levels, 
organ dysfunction usually does not occur.

Radiographic Abnormalities

AGE can lead to loss of consciousness on surfac-
ing, hence there may be evidence of aspiration 
on chest radiographs and clinical evidence of 
near drowning. Radiographic fi ndings consis-
tent with aspiration can be found in more than 
50% of chest radiographs of victims with AGE. 
However, radiographic evidence for PBT is seen 
in less than half of the victims of AGE.83 PBT is 
most frequently demonstrated as mediastinal 
emphysema. Mediastinal gas can be diffi cult 
to detect and, as mentioned earlier, should be 
carefully looked for along the borders of the 
pulmonary arteries, the aorta (including the 
descending aorta), and the heart (see Figs. 13.2 
and 13.3). In some cases of pneumomediasti-
num, the anterior portion of the parietal pleural 
displaced off the left heart border has been 
reported as pneumopericardium; however, 
almost universally, this interpretation is incor-
rect and the radiologic abnormality is really 
pneumomediastinum. Figure 13.9A is a radio-
graph of pneumomediastinum that was initially 
interpreted as pneumopericardium. A CT scan 
(see Fig. 13.9B) of the same patient clearly 
shows the presence of pneumomediastinum.

Most patients with neurologic injury do 
not have clearly defi ned abnormalities on CT 
or a magnetic resonance imaging scan. Rarely, 
clear cerebral infarction can be seen on 
either CT or magnetic resonance imaging.145 
Newer magnetic resonance imaging images 
and techniques may in the future be shown 
to more easily visualize the area of brain 
injury in victims of AGE.146

Diagnosis of Arterial Gas Embolism

The diagnosis of AGE is clinical and based on 
the diving history, signs, and symptoms. Any 
diver who loses consciousness or manifests 
symptoms or signs of serious neurologic injury 
within minutes of surfacing from a dive must be 
considered to have suffered an AGE. Increase of 
CK concentration can be helpful in the diagno-
sis of AGE; however, the initial increase in CK 
concentration may not be seen for several 
hours after the injury. Hence, if the patient 
presents quickly to the hospital or chamber, the 
initial CK concentration may be normal. As 
mentioned earlier, the presence of mediastinal 
air on a chest radiograph in the presence of 
neurologic symptoms after a dive is helpful 
but occurs in less than 50% of victims with 
AGE. Should the CK concentration be normal 
12 hours after a neurologic event after surfac-
ing, the hyperbaric medicine practitioner should 
consider an alternative diagnosis to AGE.

Figure 13.9 A, Radiograph of pneumomediastinum that was 
reported as pneumopericardium. B, A computed tomography 
scan of the same patient clearly demonstrating the presence of 
pneumomediastinum.

A

B
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Treatment of Arterial Gas Embolism

All cases of suspected AGE should be referred for 
evaluation for possible recompression treatment 
(HBOT) as rapidly as possible. Early treatment 
is more likely to be effi cacious than delayed treat-
ment,3,147,148 although there are numerous 
reports of patients responding to HBOT with 
delays longer than 6 hours.149 As noted earlier, 
the initial manifestations of AGE may spontane-
ously resolve by the time the victim is examined 
by medical personnel. Occasionally, a diver 
has symptoms but no reproducible neurologic 
defi cits on physical examination. Nonetheless, 
all patients should be referred for hyperbaric 
consultation and possible hyperbaric treatment 
if the history is suggestive of AGE because neuro-
logic impairment is diffi cult to exclude in the 
acute setting, and waiting to complete defi nitive 
diagnostic studies may allow subtle neurologic 
injuries to become irreversible.98

The Divers Alert Network has an on-call div-
ing physician available 24 hours a day, 7 days a 
week who can assist in triage and arrangement 
of transport and treatment for all diving inju-
ries. (In the United States, the Divers Alert 
Network can be contacted at 919-684-8111 
or [collect] 919-684-4DAN [4326]. Tell the 
operator that you have a diving emergency.) 
The Divers Alert Network’s diving medicine 
consultants provide help with diagnosis and 
immediate care of the patient, as well as infor-
mation about the location of the nearest 
hyperbaric chamber. Before a patient is trans-
ferred to the hyperbaric treatment facility, it is 
appropriate to contact the chamber to deter-
mine its availability and the level of staffi ng.

Prehospital Care

Before recompression, divers with suspected 
AGE should be given supplemental oxygen at a 
high fl ow rate (e.g., 10 L/min) by nonrebreath-
ing face mask to enhance the rate of resolution 
of inert gas bubbles and treat arterial hypox-
emia.64 Although this makes physiological 
sense, data to demonstrate that individuals 
who receive supplemental oxygen compared 
with individuals who do not have an improved 

fi nal outcome are lacking.150 Because victims 
of AGE may present with hemoconcentration 
caused by endothelial injury from gas bubbles, 
it is appropriate to maintain adequate intravas-
cular volume because inert gas cannot be 
effectively eliminated from tissues or from 
intravascular bubbles at the arteriolar-capillary 
level unless adequate capillary perfusion is 
maintained. In addition, autoregulation of blood 
fl ow in the brain is lost after AGE, and cerebral 
perfusion passively follows systemic blood 
pressure. Hypotension should be avoided in 
cases of AGE as in other cases of brain injury. 
Because AGE can lead to loss of consciousness 
in the water, the diver may suffer concomitant 
near drowning and may need airway protec-
tion from aspiration of gastric contents sec-
ondary to vomiting; however, even severe 
concomitant near drowning should not be 
considered a contraindication to HBOT. Fur-
thermore, it should be understood that central 
nervous system manifestations of AGE can be 
misinterpreted as being secondary to near 
drowning. Fortunately, HBOT also provides the 
near-drowning victim with adequate arterial 
oxygenation in almost all circumstances.

Historically, much attention was directed 
toward keeping the patient with AGE in the 
Trendelenburg position in the fi eld. This was 
based on anecdotal reports and limited experi-
mental data.104,151,152 The rationale for keeping 
the patient with AGE head down was the belief 
that the weight of the column of blood would 
force bubbles through the cerebral capillary 
bed, that the buoyancy of the bubbles would 
keep them in the aorta or heart, and that the 
weight of the spinal fl uid might compress bub-
bles in the cord. These benefi ts were never well 
demonstrated or experimentally confi rmed, and 
more recent studies showed that the Trendelen-
burg position did not keep bubbles from being 
distributed to the systemic circulation and can 
worsen cerebral edema.101,153 Patients with 
AGE should be maintained in a position, both in 
the fi eld and during transport to an emergency 
medical treatment facility or recompression 
chamber, that allows the most access and care 
of the patient.

If the AGE-stricken diver is fi rst seen at a hos-
pital emergency department or clinic, and if 
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transport to a hyperbaric treatment facility will 
not be delayed, baseline laboratory, electrocar-
diographic, and radiographic tests can be ob-
tained before the patient is sent to the chamber. 
CT or magnetic resonance imaging of the brain 
should be deferred until after initial hyperbaric 
treatment unless intracranial hemorrhage or 
other nondiving injury is suspected. Although 
delay in hyperbaric treatment theoretically pro-
longs cerebral ischemia and cellular hypoxia, 
resulting in signifi cant cerebral edema, data 
have not demonstrated that a more diffi cult 
course of therapy or a worsened outcome 
ensues. Thus, when there is concern for extra-
axial blood or a neurosurgically correctable 
lesion, the time taken for a simple noncontrast 
head CT before recompression therapy may be 
an appropriate clinical decision.

If air medical evacuation is required, the in-
jured diver should ideally be fl own in an aircraft 
pressurized to 1 atmosphere absolute (ATA) 
during fl ight. In the case of helicopter evacua-
tion or in the event that an unpressurized air-
craft is required, the fl ight altitude should be 
maintained as low as possible. All resuscitative 
measures should be maintained in fl ight.

Presentation and Management 
of Arterial Gas Embolism from 
Nondiving Causes

AGE may occur from paradoxic gas embolism 
from VGE through a right-to-left shunt, from 
migration through the pulmonary circulation, 
or from direct arterial injection of air. The epi-
demiology and pathophysiology of AGE from 
nondiving causes is discussed earlier (see 
Venous Gas Embolism section). The symptoms 
of AGE in patients undergoing procedures are 
similar to that in divers and develop suddenly. 
The clinical presentation is determined by the 
absolute quantity of gas and the areas of the 
brain that are affected. Symptoms can range 
from minor motor weakness and confusion to 
hemiplegia, convulsion, loss of consciousness, 
and coma. Abnormal neurologic fi ndings after 
central venous catheter insertion, manipula-
tion, or removal; surgery; or other invasive pro-
cedures should prompt consideration of AGE. 

Mental status changes after surgery should 
raise the suspicion of cerebral ischemia, and 
AGE should be considered when there is de-
layed recovery or impaired consciousness after 
general anesthesia following a surgical proce-
dure that carries a risk for gas embolism. The 
importance of early HBOT in cases of iatro-
genic AGE has been well documented.73–75

The diagnosis is based on the temporal rela-
tion between the sudden development of neu-
rologic symptoms and the performance of an 
invasive procedure. Immediate therapeutic 
measures include the administration of 100% 
oxygen to reverse cerebral ischemia and to 
aid in elimination of gas and reduce bubble 
volume. Cardiopulmonary resuscitation should 
be performed if necessary, and endotracheal 
intubation is indicated in somnolent or coma-
tose patients. Patients should be placed in a 
fl at, supine position. Normovolemia should be 
maintained to optimize the microcirculation. 
Systemic hypertension after cerebral AGE is 
common and may promote bubble redistribu-
tion; however, prolonged hypertension may 
lead to increased intracranial pressure and 
compromise neurologic outcome.

HBOT should be considered in all patients 
with clinical symptoms of AGE. Numerous 
case reports demonstrate the potential bene-
fi ts of HBOT in the presence of iatrogenic 
AGE.3,73–75,148,154 Immediate recompression 
with HBOT has been shown to improve pa-
tient outcome3,148; however, even delayed 
treatment (�6 hours) can still have substan-
tial benefi ts.149,155 Once cardiac stabilization 
has been achieved, the patient can be trans-
ferred to a hyperbaric chamber. The risks of 
transportation of an unstable patient to a hy-
perbaric facility must be considered carefully.

HYERBARIC OXYGEN THERAPY

Mechanisms of Hyperbaric Oxygen 
Therapy for Arterial Gas Embolism

Although there are no controlled trials of 
HBOT versus non-HBOT in humans with AGE, 
the physiologic rationale for its use is over-
whelming. A review of a large number of case 
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series of AGE by Dutka156 clearly demonstrates 
a worse prognosis without recompression. 
The rationale for HBOT is both compression 
of gas bubbles to mechanically clear the cere-
bral circulation and restore blood fl ow and 
hyperoxygenation of ischemic tissues with 
large volumes of oxygen dissolved in plasma.

HBOT reduces the volume of gas bubbles 
by increasing ambient pressure.155 Bubble vol-
ume will change in inverse proportion to the 
ambient pressure. However, the reduction in 
the various bubble dimensions will depend 
on the shape of the bubble. A spherical bub-
ble compressed to 6.0 ATA will reduce to 17% 
of its original volume but only 43% of its 
original diameter. Cylindrical bubbles will de-
crease mainly in bubble length.

As partial pressure of oxygen increases in 
inspired air, the amount of oxygen in solution in 
plasma increases linearly. For every atmosphere 
of pressure increase, 1.8 mL/dL oxygen is dis-
solved in plasma. At 3 atmospheres absolute, 
approximately 6.8 mL/dL oxygen can be held in 
solution in plasma. Because normal oxygen ex-
traction at the tissue level is 5 mL/dL (at normal 
cardiac output), plasma alone can carry enough 
oxygen to meet the metabolic needs of the tis-
sues. In addition, this increase in oxygen-carry-
ing capacity dramatically increases the driving 
force for oxygen diffusion. This improvement in 
oxygen-carrying capacity of plasma and in the 
delivery of oxygen to tissues offsets the embolic 
insult to the microvasculature.

Hyperoxia produces a signifi cant diffusion 
gradient for oxygen into the bubble and for 
nitrogen out of the bubble. The rate of resolu-
tion of a bubble is dependent on the diffusion 
of nitrogen from a bubble into adjacent tissue 
or blood and the rate of transport of dissolved 
gas to the lung. Oxygen is metabolized by the 
tissues and does not accumulate in tissues as 
inert gas does. Hence, there is a reduction of 
the total gas pressure in the tissues surround-
ing the bubble that enhances the rate of diffu-
sion of inert gas from the bubble into the 
surrounding tissue (Fig. 13.10). This is re-
ferred to as the “oxygen window.”64

Experimental evidence suggests that HBOT 
decreases cerebral edema by vasoconstric-
tion.157,158 HBOT can help prevent cerebral 

edema by reducing the permeability of blood 
vessels while supporting the integrity of the 
blood–brain barrier.159 Furthermore, HBOT 
plays a role in protecting tissues from reper-
fusion injury (see Chapter 9). HBOT antago-
nizes the �2-integrin system, which initiates 
the adherence of neutrophils to postcapillary 
venule endothelium.160,161 Reperfusion injury 
may be inhibited by HBOT via a decrease in 
leukocyte venular endothelial adherence, 
release of toxic oxygen species, and arteriolar 
vasoconstriction; hence, progressive arterio-
lar vasoconstriction is inhibited.162 HBOT 
inhibits intracellular adhesion molecule-1 ex-
pression, which plays a role in neutrophil 
adhesion and ischemia-reperfusion injury.163 
These mechanisms of hyperbaric oxygen are 
important because neutrophil activity may be 
responsible for part of the brain injury that is 
seen after AGE.164

Treatment Table Selection

Treatment for AGE had traditionally been with 
U.S. Navy Table 6A with an initial excursion to 
165 feet (6 ATA) for 30 minutes to enhance 
bubble compression (Fig. 13.11). However, the 
clinical data that support the use of compres-
sion to 6 ATA for AGE are lacking, and many 
hyperbaric facilities recommend treating pa-
tients with AGE at a maximum of 2.82 ATA 
with U.S. Navy Table 6 (Fig. 13.12). Waite and 
colleagues165 show that bubbles in embolized 
dogs disappeared from cerebral circulation 
between 3 and 4 ATA; however, Gorman and 
coworkers166 demonstrate that only 50% of 
embolized rabbits had complete clearance of 
bubbles from the cerebral circulation after 
compression to 6 ATA. Animal studies with 
dogs given an intracarotid injection of air 
showed no additional benefi t from compres-
sion to 6 ATA compared with 2.82 ATA.167

In a scuba diver who already has incurred a 
signifi cant gas load of nitrogen, treatment with 
air at 6 ATA may increase nitrogen gas loading 
in the tissues and could precipitate DCS even 
during treatment. Signs and symptoms of spi-
nal cord DCS can appear during recompres-
sion therapy for AGE as seen in biphasic DCS 
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described earlier. If a treatment regimen of 
6 ATA is chosen, it is probably wise to select a 
50/50 or 60/40 N2/O2, or even a helium-oxygen 
mixture, as the breathing medium to enhance 
bubble clearance and to minimize further ni-
trogen gas loading at depth.

Growing evidence exists that recompres-
sion to 2.8 ATA on 100% oxygen may be a more 
effective treatment than initial pressurization 
to 6 ATA for sports divers because of the typical 
several-hour delay in getting to a chamber, and 
thus less need for the higher pressure to com-
press bubbles and a greater immediate need for 
tissue oxygenation.77,167,168

Patients with AGE can be treated in multi-
place or monoplace facilities; the advantage 

of a multiplace facility is the ability to be 
pressurized to 6 ATA. Both air and oxygen 
can be administered to the patient, and di-
rect access to the patient is available. How-
ever, patients with AGE have successfully 
been treated in a monoplace hyperbaric 
chamber.169 Current recommendations in-
clude initial recompression to 2.82 ATA 
breathing 100% oxygen. If there is no im-
provement or clinical deterioration, deeper 
recompression to 6 ATA can be instituted. If 
the AGE is iatrogenic or occurs early in the 
dive such that there is minimal gas loading 
of the tissue with nitrogen, and the patient is 
brought to the hyperbaric facility imme-
diately after the injury, then there may be 
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Figure 13.10 Partial pressures of four gases 
in various locations are shown. Rate of resolu-
tion of a bubble will depend on two factors: 
diffusion of nitrogen from a bubble into adjacent 
tissue or blood, and the rate of transport of 
dissolved gas back to the lung (which may be 
related to tissue phase diffusion, blood fl ow, and 
gas solubility). Tissue partial pressures are 
assumed to be equal to mixed venous values. 
Partial pressures within the bubble are shown at 
the time or shortly after bubble formation 
(before O2 and CO2 have diffused into the 
bubble). The diffusion gradient for nitrogen is 
greatest while breathing O2 at 2.82 ATA 
(atmosphere absolute). This is referred to as 
the “oxygen window.” (From Moon RE, 
Gorman DF: Treatment of the decompres-
sion disorders. In: Brubakk AO, Neuman 
TS (eds): Bennett and Elliott’s Physiology 
and Medicine of Diving, 5th ed. London: 
Saunders, 2003, p 617, by permission.)
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benefi t to treating the patient at 6 ATA 
initially with a helium oxygen mixture or 
a 50/50 or 60/40 N2/O2 mixture below 
60 feet.

Follow-up Treatments

If the patient has persistent neurologic symp-
toms after the initial treatment, repetitive hy-
perbaric treatments daily or twice daily have 
been performed at a number of facilities. Re-
peat treatments can be given until the patient 

has complete relief of symptoms or until 
there is no further clinical improvement after 
two consecutive treatments.170 Once again, 
the data to demonstrate that patients who 
receive repetitive treatments compared with 
those who receive only one have a better 
long-term outcome are lacking. At most facili-
ties, the majority of patients with AGE rarely 
are given more than a few treatments. There is 
no consensus for which treatment table to 
use for repetitive treatments. U.S. Navy Treat-
ment Tables 5, 6, and 9 have all been recom-
mended for follow-up treatments.
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Figure 13.11 U.S. Navy Treatment Table 6A consists of an initial excursion to 6 atmospheres absolute (ATA) or 
165 feet sea water (fsw) while the patient breathes either air or a nitrogen/oxygen mixture (60/40 or 50/50). 
After 30 minutes, the patient is brought to 2.82 ATA (60 fsw) for oxygen breathing identical to U.S. Navy Treatment 
Table 6. msw, meters sea water. (From Moon RE, Gorman DF: Treatment of the decompression 
disorders. In: Brubakk AO, Neuman TS (eds): Bennett and Elliott’s Physiology and Medicine of 
Diving, 5th ed. London, Saunders, 2003, p 624, by permission.)
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Adjunctive Treatment

Numerous medications have been proposed 
as adjuncts to recompression and hyperbaric 
oxygen for the treatment of AGE (e.g., hepa-
rin, low-molecular-weight dextran, aspirin, 
corticosteroids) to prevent the secondary 
pathophysiologic mechanisms of injury; how-
ever, experimental and clinical data do not 
support the use of any of these for AGE 
except for lidocaine.

Lidocaine is a Class 1b antiarrhythmic agent 
and a local anesthetic that appears to have cere-
broprotective effects. In animal models of AGE 
and brain ischemia, lidocaine acts to reduce 
intracranial pressure and brain edema, preserve 
neuroelectrical function and brain blood fl ow, 
and reduce infarct size.171,172 Lidocaine given 
prophylactically reduces brain dysfunction af-
ter AGE in cats173 and improves recovery of 
brain function in cats and dogs with AGE when 
given therapeutically.153,174 Human data are less 
impressive, because many of the case studies 
contain patients with both AGE and DCS and 
there are often delays to treatment.175,176 Lido-
caine has been used in conjunction with hyper-
baric oxygen in a case of pure cerebral AGE not 
related to diving with good results.38 When lido-
caine is used prophylactically during left heart 
valve surgery, patients had fewer defi cits in psy-
chometric test performance after surgery com-
pared with a control group and greater recov-
ery of brain function after surgery.172 Further 
human data of lidocaine given as an adjunct to 
hyperbaric oxygen for the treatment of AGE are 
needed. Meanwhile, current evidence supports 
the use of lidocaine as an adjunct to recompres-
sion for the treatment of AGE.

Experimental Therapies

New therapies to treat gas embolism are fo-
cusing on the interaction between bubble in-
terface and vascular endothelium. Currently, 
no approved therapeutic drugs directly treat 
or prevent gas embolism. Surfactants have 
been proposed to prevent or reduce gas bub-
ble adhesion to the endothelium.177,178 In in 

vitro studies, surfactants reduced bubble ad-
hesion force and preserved basic endothelial 
structure and vasodilatory function by pro-
tecting the endothelium from mechanically 
induced injury. Further research may lead to 
the potential development of clinical pharma-
cologic therapy that might preserve or restore 
blood fl ow through bubble-embolized vessels 
to regions of brain or other tissue affected by 
lodged bubbles.

The use of fl uorocarbon derivatives has been 
suggested for the management of gas embolism. 
Fluorocarbon emulsions are thought to enhance 
the reabsorption of bubbles by increasing the 
solubility of gases in blood. Studies using fl uoro-
carbon FP-43 demonstrate its utility in absorb-
ing air from the circulation.179 FP-43 reduced 
the complications of coronary air embolization 
in dogs.180 The addition of perfl uorocarbon 
emulsion to the cardiopulmonary bypass prime 
reduced the incidence and severity of neuro-
logic injury after the formation of massive air 
embolism during bypass in a swine model.181 
Eckmann and colleagues182 demonstrate in an in 
vivo rat model that when a perfl uorocarbon 
emulsion, perftoran, was given in advance of gas 
embolization, bubbles moved farther into the 
periphery and cleared from the circulation 
faster, leading to a 36% reduction in blood fl ow 
obstruction. Perftoran given after embolization 
had no effect, presumably because it could not 
get past the site of blood fl ow obstruction.
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the bends, allegedly because some of its original 
sufferers walked or shuffl ed in a characteristic 
forward hunched posture.3 DCS was later de-
scribed in divers,4–6 high-altitude pilots,7 and 
astronauts.8 DCS is a subset of bubble-related 
diseases, the other being arterial gas embolism 
(AGE). The two conditions are collectively 
known as decompression illness.

PATHOGENESIS

Bubbles

Bubbles in the bloodstream were fi rst re-
ported in 1878 by Bert9 in experimental ani-
mals after decompression from increased am-
bient pressure. Indirect support for bubbles as 
the cause of DCS was provided by the obser-
vation that the manifestations could be re-
lieved by recompression.9,10 Bubbles have 
been observed in autopsied cases of fatal 
DCS11 and in the bloodstream of divers after 
decompression using ultrasound.12

Bubbles form within tissues in which the 
inert gas partial pressure exceeds the pres-
sure within tissue (autochthonous bubbles). 
Bubble formation is believed to be initiated at 

Mild Bends or Limb Pain Only
Neurologic Decompression Illness

Closed-Bell and Saturation Diving
Delayed Treatment
Timing, Duration of Treatment, and 

Follow-up Treatment
ADJUNCTIVE MEASURES TO RECOMPRESSION
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Anti-infl ammatory Drugs
Lidocaine
Blood Glucose Control
Temperature Control
Perfl uorocarbons
Management of Blood Gases

FOLLOW-UP EVALUATION AND RETURN 
TO DIVING

Pulmonary Barotrauma
Decompression Sickness

WHAT IS DECOMPRESSION 
SICKNESS?

Decompression sickness (DCS) is an acute con-
dition that occurs during or shortly after an 
acute reduction in ambient pressure caused by 
bubbles. It can be caused by an acute decom-
pression from ground level to altitude or, more 
commonly, by decompression from a dive or 
hyperbaric chamber exposure back to ambient 
pressure. The minimum altitude exposure 
necessary for DCS is close to 21,200 feet. 
The minimum depth necessary to produce 
DCS is estimated from observations of direct 
decompression to 1 atmosphere absolute (ATA) 
after a prolonged period at increased pressure 
(saturation exposure). Bubble formation has 
been observed after a decompression from 
only 1.35 ATA (11 feet of sea water [fsw]).1 
The minimum pressure change for DCS while 
breathing air or nitrogen/oxygen mixtures 
appears to be between 1.6 and 1.76 ATA 
(20–25 fsw)2 (Fig. 14.1).

DCS was fi rst observed in the 19th century in 
compressed air (caisson) workers, hence its 
original name caisson disease. It was also named 

Figure 14.1 DECOMPRESSION SICKNESS (DCS) 
AFTER DIRECT ASCENT TO THE SURFACE FROM 
SATURATION. The threshold for DCS is 20 to 25 feet sea water 
gauge (fswg). obs, observations. (From Van Liew HD, Flynn 
ET: Direct ascent from air and N2-O2 saturation dives in 
humans: DCS risk and evidence of a threshold. Under-
sea Hyperb Med 32:409–419, 2005, by permission.)
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sites of stable gas micronuclei.13,14 Such mi-
cronuclei could be stabilized against the 
forces of surface tension by a coating of sur-
factant.15 Alternatively, if the gas micronucleus 
exists in the crevice of a hydrophobic mole-
cule, surface tension would intrinsically tend 
to stabilize the bubble.

Bubbles can form in the absence of a de-
crease in ambient pressure when local tissue 
supersaturation occurs because of a change 
in breathing gas. This was originally described 
in a series of divers in a heliox-fi lled hyper-
baric chamber at 7 ATA at Duke University 
when the breathing gas was switched from 
heliox to nitrox16 (see Skin Bends section 
later in this chapter and also Fig. 14.10). This 
observation was subsequently observed at 
the University of Pennsylvania,17 after which 
a series of studies led to its understanding. 
When the ingress into a tissue of a new gas 
exceeds the egress of a resident gas, the sum 
of partial pressures can exceed ambient pres-
sure. Isobaric bubble formation has been 
demonstrated at 1 ATA in experimental ani-
mals surrounded by helium while breathing 
nitrous oxide/oxygen.18,19

The presence of bubbles in tissues per se 
does not imply DCS. Tissue bubbles have 
been observed radiographically in the ab-
sence of symptoms, but only during altitude 
exposure.20,21 Bubbles in absence of symp-
toms in the veins or right heart (venous gas 
emboli [VGEs]) can be observed commonly 
using ultrasound after dives.22,23 The blood-
stream is relatively resistant to de novo 
bubble formation.24 VGEs are believed to 
originate in extravascular tissue, possibly 
muscle, and migrate into the bloodstream 
where, in the presence of a high inert gas 
partial pressure, they can enlarge. VGEs are 
mostly trapped by the pulmonary capillaries, 
where the gas diffuses into alveoli.

In the presence of a right-to-left shunt, 
VGEs can enter the left heart, thus becoming 
AGEs, which are more likely to produce symp-
toms.25 Indeed, cross-sectional studies have 
shown a relation between early onset and 
neurologic DCS and the presence of a patent 
foramen ovale (PFO),26–35 suggesting that arte-
rialized VGE may play a pathophysiologic role 

in certain types of DCS, particularly those 
forms that involve the skin, inner ear, and cen-
tral nervous system.

Under certain circumstances, VGEs can tra-
verse the pulmonary circulation. Arteriovenous 
shunt vessels have been demonstrated in nor-
mal human lungs,36 through which 25- and 
50-�m diameter microspheres can pass. High 
exercise cardiac output and pulmonary artery 
pressure, such as during exercise, may facilitate 
right-to-left shunting through the lung.37,38 High 
bubble rates can also facilitate right-to-left shunt-
ing through the lung (Fig. 14.2).

Direct Bubble Effects

Bubbles may cause tissue damage because of 
direct mechanical effects. Bubble-induced 
distraction of connective tissue is believed 
to be the cause of DCS-related pain. Bubbles 
within and proximal to spinal cord neurons 
have been described as a possible cause of 
neuronal dysfunction39 (Fig. 14.3). Increased 
intraosseous pressure within the marrow 
cavity of long bones has been hypothesized 
as the cause of the pain of limb bends and 
osteonecrosis that can occur.40 Increased 

Figure 14.2 ARTERIALIZATION OF VENOUS BUBBLES. The 
infusion rate at which venous bubbles spill into the arterial 
circulation is species specifi c. (Data for dogs from Butler 
BD, Hills BA: Transpulmonary passage of venous air emboli. 
J Appl Physiol 59:543–547, 1985; and data for pigs from 
Vik A, Brubakk AO, Hennessy TR, et al: Venous air embolism 
in swine: Transport of gas bubbles through the pulmonary 
circulation. J Appl Physiol 69:237–244, 1990, by permission.)
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atic men.43 Cockett and colleagues44 observed 
that dogs subjected to severe decompression 
stress experienced a decrease in plasma vol-
ume of up to 35%. In human DCS, damaged 
endothelium causes a decrease in plasma vol-
ume because of extravasation into the intersti-
tium (Fig. 14.5).45,46 Increased hematocrit level 
as a measure of plasma volume reduction cor-
relates with the severity of DCS.47

Levin’s69 observations were confi rmed 
more recently together with the observation 
that endothelial relaxation function has been 
observed in response to substance P48,49 and 
acetylcholine.49

intramedullary pressure caused by bubble 
expansion within the spinal cord has been 
hypothesized as a cause of reduced blood 
fl ow.41 Because the petrous temporal bone 
surrounding the cochlear-vestibular appara-
tus is so hard, its fracture by bubbles ex-
panding within lacunae adjacent to the semi-
circular canals has been hypothesized as the 
cause of inner ear DCS.42

Cellular and Tissue Effects

Endothelial Disruption

Secondary effects of bubbles include endothe-
lial disruption. Bubble–blood vessel interaction 
strips the endothelial cells from the basement 
membrane (Fig. 14.4). This then causes loss of 
endothelial function, including plasma leakage 
into the interstitium. Indirect evidence for this 
was observed by Dr. Alphonse Jaminet during 
construction of the St. Louis bridge (now the 
Eads Bridge) across the Mississippi River. He 
observed that caisson workers with DCS had a 
greater urine specifi c gravity than asymptom-

Figure 14.3 SCANNING ELECTRON MICROGRAPH OF AN 
AUTOCHTHONOUS BUBBLE IN THE SPINAL CORD OF A 
DOG. (Courtesy Drs. T. J. Francis and G. H. Pezeshkpour.)
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Figure 14.4 ENDOTHELIAL EFFECTS OF BUBBLES. Left, 
Scanning electron microscopy (EM) of luminal surface 
of jugular vein from control dog. Individual endothelial 
cells can be seen, outlined by intercellular junctions (IJ) 
and their nuclei (N). There are no adhering blood cells. 
Right, Scanning EM of an area of jugular vein in an ani-
mal with severe decompression sickness. There are 
numerous adhering leukocytes (L) and platelets (P). 
ED, endothelial damage. (From Levin LL, Stewart GJ, 
Lynch PR, et al: Blood and blood vessel wall changes 
induced by decompression sickness in dogs. J Appl 
Physiol 50:944–949, 1981, by permission.)
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Figure 14.5 PLASMA VOLUME DEFICITS IN SEVEN 
CASES OF SEVERE ALTITUDE DECOMPRESSION SICK-
NESS IN HUMANS. White bars represent patients who 
survived; black bars represent those who died. (From 
Malette WG, Fitzgerald JB, Cockett AT: Dysbarism. A re-
view of thirty-fi ve cases with suggestion for therapy. 
Aerospace Med 33:1132–1139, 1962, by permission.)
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fl ow regulation, it is likely that these effects 
are mediated by inert gas washout.

Leukocyte Activation

Considerable evidence implicates the leuko-
cyte in DCS pathophysiology. Leukocytes 
adhere to both denuded endothelium69 and 
bubbles.70 Leukocytes accumulate in brain 
areas made ischemic using air emboli,71 and 
depletion of neutrophils before air embolism 
ameliorates the neurologic injury.72,73

Organ Effects

Joints and Long Bones

The cause of joint pain due to DCS is un-
known. It has been variously speculated that 
the site of the pain is in ligaments, tendons, 
the joint space, the marrow, and referred pain 
from the spinal cord or sensory root. Support 
for bubbles in the marrow or intramedullary 
arterioles as a cause is the development of 
bony infarction in the long bones of some 
compressed air workers and divers.74,75

Spinal Cord

The spinal cord is frequently a target organ in 
DCS. Proposed mechanisms of bubble forma-
tion in the spinal cord include arterial emboli-
zation, blood fl ow reduction due to occlusion 
by bubbles of the epidural venous plexus 
(Fig. 14.6) and in situ (autochthonous bubbles; 

Heat Shock Protein Expression

DCS in experimental animals induces heat 
shock protein expression, which appears to 
provide a degree of prophylaxis against DCS 
after subsequent pressure exposures.50

Complement Activation

Complement activation by bubbles has been 
observed both in vitro51,52 and in vivo in ex-
perimental animals,53 and has been proposed 
as a mechanism in the evolution of DCS. De-
complemented rabbits appear to be resistant 
to DCS.53 In humans, erythrocyte-bound C3d 
increases after repetitive dives, although there 
does not appear to be a correlation between 
complement activation and ultrasound bubble 
score.54 Some studies have demonstrated a 
relation between complement activation and 
susceptibility to DCS in humans55,56; however, 
others have failed to confi rm it.57,58 Comple-
ment does not appear to be necessary for 
bubble-induced endothelial damage.59 It is 
possible that the different strength of evi-
dence for a role of complement in rabbit ver-
sus human DCS refl ects species specifi city.

Platelet Activation

Platelets are activated during decompression60 
and are deposited on the surface of intravascu-
lar bubbles.61,62 Platelet numbers are slightly 
reduced after asymptomatic dives.63,64 How-
ever, the role of the platelet in DCS has been 
questioned by studies in which platelet inhibi-
tion does not appear to be effective in facilitat-
ing recovery in animal models of AGE unless 
combined with full therapeutic anticoagula-
tion with heparin.65

Nitric Oxide Production

Recent data implicate nitric oxide as a media-
tor of bubble formation. Nitric oxide synthase 
inhibition can increase bubble formation in 
rats,66 whereas administration of nitric oxide 
donors or appropriately timed exercise (a ni-
tric oxide synthase upregulator) before a dive 
can reduce bubble formation.67,68 Given the 
importance of nitric oxide in tissue blood 

Figure 14.6 BUBBLES IN THE EPIDURAL VENOUS PLEXUS. 
(See Color Plate 8.) (From Hallenbeck JM: Cinephotomicrog-
raphy of dog spinal vessels during cord-damaging decompres-
sion sickness. Neurology 26:190–199, 1976, by permission.)
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see Fig. 14.3). Also observed are intramedul-
lary hemorrhage6,76,77 and demyelination in-
volving the long tracts78,79 (Fig. 14.7).

Brain

In situ gas bubble formation is believed to 
be unlikely because of high tissue blood 
flow and rapid inert gas washout. Hydrogen 
washout has been measured in the cerebral 
cortex and has a half-time on the order of 
45 seconds.80 The half-time even in white 
matter would be only approximately 3 min-
utes. In addition, cerebral manifestations 
are usually focal. Therefore, most cerebral 
manifestations are believed to be caused 
by bubble emboli, either from pulmonary 
barotrauma (PBT) or arterialization of VGEs 
(see later).

Peripheral Nerve

Isolated peripheral nerve manifestations in 
DCS have rarely been described. This is usu-
ally in locations where increased pressure 
and entrapment could occur,81,82 although 
one case report exists of a mononeuropathy 
involving the medial branch of the deep pe-
roneal nerve.83

Lung

High levels of VGEs after decompression cause 
“chokes,” which is associated with radio-
graphic pulmonary edema (Fig. 14.8).84 Intra-
venous (IV) bubble infusion also causes pul-
monary edema (Fig. 14.9). The mechanism 
appears to involve leukocytes, which adhere 
to bubbles70 (see Fig. 14.9) and accumulate in 
the lung after VGE.49

A B

Figure 14.7 SPINAL CORD DECOM-
PRESSION SICKNESS 1 WEEK AFTER 
DEVELOPMENT OF QUADRIPARESIS 
IN A 42-YEAR-OLD MAN WHO MADE 
A 70 FEET SEA WATER DIVE. 
A, Demyelination can be seen in the long 
tracts. B, Higher magnifi cation view shows 
hemorrhage in the gray matter. (See Color 
Plate 9.) (Courtesy Department of 
Pathology, Duke University Medical 
Center, Durham, NC.)

A

B

Figure 14.8 PULMONARY EDEMA IN A SHEEP WITH 
“CHOKES” AFTER A 42 FEET SEA WATER (FSW) DIVE 
FOR 22 HOURS, FOLLOWED BY A SIMULATED ALTITUDE 
EXPOSURE TO 8000 FEET (0.75 ATMOSPHERE 
ABSOLUTE [ATA]). A, Before dive. B, After dive and altitude 
exposure. Patchy pulmonary infi ltrates are consistent with pulmonary 
edema. (From Atkins CE, Lehner CE, Beck KA, et al: Experi-
mental respiratory decompression sickness in sheep. 
J Appl Physiol 65:1163–1171, 1988, by permission.)

Inner Ear

Inner ear DCS can involve the vestibular appa-
ratus, the cochlea, or both. It was initially be-
lieved to occur only in heliox divers, and usu-
ally after a gas switch during decompression. 
However, it does occur in air divers, typically 
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after a dive to greater than 60 fsw. The patho-
physiology has been ascribed to hemorrhage 
within the vestibular apparatus caused by vas-
cular occlusion by bubbles,85 fractures of the 
bone surrounding the semicircular canals,42 
and gas within the fl uids.

Skin and Soft Tissue

Several forms of DCS that involve the skin can 
occur (see later).

CLINICAL MANIFESTATIONS

DCS is a constellation of symptoms and signs 
that occurs after a reduction in ambient pres-
sure. Initial symptoms are most commonly 
paresthesias and joint pain (Fig. 14.10). Mild 
symptoms may remain stable or progress to 
more severe manifestations. Serious neuro-
logic symptoms and signs usually occur within 
1 hour and can include motor weakness, 
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Figure 14.9 A, Leukocyte rosette around 
air bubble in a small pulmonary artery. 
B, Intravenous bubble infusion, causing
pulmonary hypertension and increased 
lymph fl ow due to pulmonary edema. 
AE, air embolism; PA, pulmonary artery.
(From Albertine KH, Wiener-Kronish JP, 
Koike K, et al: Quantifi cation of 
damage by air emboli to lung 
microvessels in anesthetized sheep. 
J Appl Physiol 57:1360–1368, 1984, 
by permission.)
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Figure 14.10 SYMPTOMS OF DECOMPRESSION SICKNESS IN RECREATIONAL DIVERS. White 
bars represent prevalence as an initial symptom; black bars represent total prevalence. (From the Divers 
Alert Network Report on Decompression Illness, Diving Fatalities and Project Dive Exploration. Dur-
ham, NC, Divers Alert Network, 2005.)
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urinary retention, ataxia, and impaired con-
sciousness. Dyspnea and cough are character-
istic of high levels of VGEs, referred to as car-
diorespiratory DCS (“chokes”).

EVALUATION OF THE PATIENT

DCS is a clinical diagnosis based on history 
and physical examination.

History

The patient evaluation should include the fol-
lowing information:

• Time of onset and progression of 
symptoms

• Index of gas burden (e.g., depth–time 
exposure).

• Evidence of barotrauma, such as rapid 
or panic ascent, breath-holding during 
ascent, chest pain, or dyspnea

Severe cases tend to present early after sur-
facing, whereas minor symptoms can occur 
after delay. In a published series of 1070 cases 
of central nervous system (CNS) DCS, symp-
toms occurred within 10 minutes of surfacing 
in half of cases and within 3 hours in 90% of 
cases.86 Unless there has been an altitude ex-
posure, almost all symptoms occur within 
24 hours of surfacing. Pain-only bends tend to 
have a longer latency; however, around 90% of 
cases become symptomatic within 6 hours or 
more of surfacing.11,87–89 Causes for a diver’s 
symptoms other than DCS should be enter-
tained if the latency between dive and onset 
of symptoms is prolonged beyond 24 hours. If 
there has been intervening altitude exposure, 
onset can be longer, especially after saturation 
dives.90,91 Symptoms that occur during com-
pression or at maximum depth cannot be due 
to DCS. In such cases, one should consider si-
nus or otic barotrauma, gas narcosis, poison-
ing from gas contamination (e.g., carbon mon-
oxide), immersion pulmonary edema, or 
causes unrelated to diving.

An estimate of inert gas uptake can be ob-
tained from the profi les of recent dives, par-

ticularly the one immediately before symptom 
onset. One way to do this is to compare the 
diver’s depth–time profi le with a standard 
decompression table, such as the U.S. Navy Air 
Decompression Table (from the U.S. Navy 
Diving Manual,92 available via the Internet at: 
http://www.supsalv.org). However, adherence 
to a standard decompression procedure (table 
or computer) does not exclude either DCS or 
AGE. Breath-holding during ascent or a rapid 
ascent can suggest PBT and intravascular gas, 
which can occur from depths as shallow as 
1 m (3 feet).93

Muscle strains and bruises can be mistaken 
for DCS. Conditions other than DCS that can 
mimic the disease after a dive include myocar-
dial infarction, subarachnoid hemorrhage, acute 
disc herniation, complicated migraine, trans-
verse myelitis, vasculitis,94 multiple sclerosis, 
carotid dissection,95 maple syrup urine dis-
ease,96 or neurologic symptoms from fi sh 
toxin.97 Psychiatric disease such as somato-
form disorders, factitious disorders, and malin-
gering have been mistaken for DCS.98–101

Physical Examination

Pain-Only Bend

Physical examination is usually negative in 
true pain-only DCS. Signs of joint infl amma-
tion are absent, and joint movement rarely 
alters the pain. Sometimes increasing the local 
tissue pressure in the affected area may dimin-
ish the pain, for example, by having the 
patient stand up (as in the case of involve-
ment of the legs or hips) or by infl ation of a 
blood pressure cuff placed around the af-
fected area102; however, absence of a change 
in pain does not exclude the diagnosis.

Skin Bends

There are several types of skin bends. The 
most common type is a nonspecifi c, erythem-
atous macular eruption, often on the trunk 
(Fig. 14.11A). A rash that is almost specifi c 
for DCS is reticulated and known as cutis 
marmorata, or more correctly, livedo reticu-
laris (see Fig. 14.11B). This rash is sometimes 
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associated with neurologic DCS and a PFO.32 
Other types of skin bends include urticaria 
(see Fig. 14.11C ), usually associated with a 
gas switch (see Fig. 14.11C ). Generalized pru-
ritus without visible rash tends to occur in 
divers wearing dry suits or after dives in a dry 
chamber. It is believed to be due to supersatu-
ration of inert gas taken up directly through 
the skin. Lymphatic bends typically occurs in 
the trunk and consists of painful swelling 
(see Fig. 14.11D).

Neurologic Decompression Illness

Because AGE and neurologic DCS can be dif-
fi cult to distinguish, and because the treat-
ment is mostly the same, the term DCI rather 
than DCS is used in this section and in the 
treatment section (see page 294).

Standard evaluation of patients with sus-
pected DCI includes a complete neurologic 
examination. The time required to obtain a 
complete neurologic assessment is usually 
worth a small delay in recompression treat-
ment. It provides a baseline with which to 
assess evolving manifestations and measure 
the effi cacy of treatment. In the event the 
diver is deteriorating rapidly, the examination 
can be abbreviated to the minimum neces-
sary to establish a diagnosis. Sensory abnor-
malities are often patchy and may not follow 
the cortical distributions usually seen in pa-
tients with hemispheric stroke or standard 
dermatomal distributions seen in patients 
with other types of spinal cord injury. Find-
ings are often multifocal, with combinations 
of cortical, brainstem, spinal cord, and periph-
eral nerve damage. Abnormalities of gait 
or tandem gait often predominate, out of 

A

B

C

D

Figure 14.11 SKIN BENDS. A, Nonspecifi c skin bends in a 
recreational diver. B, Cutis marmorata (livedo reticularis) in a 
recreational diver. C, Urticaria precipitated by breathing 3% oxygen, 
balance nitrogen at 200 feet sea water in a helium/oxygen environ-
ment. D, Lymphatic bends 24 hours after onset and 2 months 
later. (See Color Plate 10.) (C: From Blenkarn GD, Aquadro 
C, Hills BA, et al: Urticaria following the sequential breath-
ing of various inert gases at a constant ambient pressure 
of 7 ATA: A possible manifestation of gas-induced osmo-
sis. Aerosp Med 42:141-146, 1971, by permission.)
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proportion to the degree of weakness or sen-
sory abnormality. Two tests of balance with 
the patient standing barefoot on a hard fl oor 
are particularly useful. For the sharpened 
Romberg test, the patient stands with one 
foot in front of the other, arms crossed across 
the chest. The score is the number of seconds 
balance can be maintained (maximum score, 
60). A score of 30 has been proposed as the 
lower limit of normal.103 Tandem gait requires 
the patient to walk heel-to-toe without falling. 
This can be performed in increasing order of 
diffi culty as follows: with eyes open, walking 
forward then backward; with eyes closed, 
forward then backward.

Cardiorespiratory Decompression 
Sickness

Hypotension, tachycardia, dyspnea, and cough 
are usually due to massive pulmonary AGE 
(cardiorespiratory DCS, “chokes”), which may 
present as a worsening shock state.

Radiography

A chest radiograph is not essential, but it can be 
useful in patients with DCI104 to demonstrate 
barotrauma that may not be detectable on 
physical examination, such as mediastinal em-
physema or small amounts of subcutaneous air. 
The presence of a pneumothorax may require 
a chest tube, which is essential if treatment is 
to be administered in a monoplace chamber. 
Aspiration of vomitus or salt water, or pulmo-
nary overdistension, can cause focal air-space 
opacities.105 Severe VGE, which can result in 
cardiopulmonary DCS (“chokes”), causes 
increased pulmonary capillary permeability, 
which can manifest as pulmonary edema.106

Radiographs of the skull and sinuses may 
occasionally reveal fl uid in the paranasal 
sinuses suggestive of sinus barotrauma. Sinus 
barotrauma of ascent may also produce tissue 
gas, which has been observed in the subdural 
space107 or in the subcutaneous tissue. Head 
scanning by both computerized tomography 
and magnetic resonance imaging is generally 
not useful in making the diagnosis of neuro-
logic DCI because of a high false-negative 

rate,108 although it may be useful if the clinical 
evaluation suggests alternative diagnoses such 
as cerebral hemorrhage or thromboembolic 
stroke. Emission tomography (single-photon 
emission computed tomography and positron 
emission tomography) is less sensitive than 
clinical evaluation109 or shows nonspecifi c 
fi ndings.110 Limb radiographs can occasionally 
show soft-tissue gas,20 but this is neither sensi-
tive nor specifi c for the diagnosis of DCS.

Neuropsychology

Formal neuropsychological testing can be ab-
normal in DCS111,112 and may be more sensitive 
for the detection of cortical DCI than standard 
neurologic examination.113 However, a base-
line test is rarely available, a wide variation 
exists in the normal performance range, and 
test results are strongly infl uenced by mood, 
especially if depressed; education level; the 
language of the test; alcohol and other drug 
use; head injuries; and practice.114 Follow-up 
studies of divers with DCI, which have cited 
neuropsychometric abnormalities as the basis 
of recovery, have overestimated morbidity and 
confused brain injury in many patients with a 
post-traumatic stress disorder.113,115,116

Neurophysiology

Abnormalities in the electroencephalogram 
can be found in acute DCI,113 although it is not 
a practical test in this setting and an abnormal 
fi nding is nonspecifi c and not useful to follow 
treatment. Because severe spinal cord DCS 
often involves the posterior columns, somato-
sensory-evoked potentials may be abnormal. 
Somatosensory-evoked potentials are a com-
monly used end point in animal studies of 
severe spinal cord DCS.117–127 However, expe-
rience in human DCS reveals that it is not 
sensitive enough to detect mild abnormalities 
that can be observed clinically.108,116,128

In contrast, both audiometry and vestibular 
testing are useful to investigate patients with 
inner ear DCS. Clinical testing of hearing dur-
ing a physical examination is neither sensitive 
nor quantitative. For patients with vertigo or 
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ataxia, physical examination is usually inade-
quate to differentiate vestibular from brain-
stem or cerebellar pathology. In particular, 
nystagmus caused by vestibular lesions is typ-
ically detectable only with the eyes closed. In 
inner ear DCS, neurophysiologic testing in the 
form of electronystagmography with caloric 
stimulation and air/bone audiography is more 
sensitive and specifi c than clinical evaluation. 
Brainstem auditory-evoked responses interro-
gate the patient’s acoustic pathways from the 
cochlea to the brainstem and may be useful in 
the assessment of an uncooperative patient. 
Inner ear DCS is the only form of DCI in 
which neurophysiologic testing is more sensi-
tive than clinical examination.129

Diagnostic Criteria

In the absence of an unequivocal diagnostic test 
for DCI, empirical clinical criteria have been 
used. These have typically included for DCS a 
minimum depth–time exposure, typical clinical 
manifestations, and a response to recompression 
treatment (recognizing that incomplete response 
to treatment may occur with severe cases or 
long delays). For AGE, criteria have included 
evidence of rapid ascent or breath-holding dur-
ing ascent, short onset time (usually minutes), 
cerebral manifestations, evidence of PBT, and re-
sponse to recompression. Insight was gained 
into the diagnostic criteria actually used by 
asking undersea medicine experts to diagnose a 
series of false clinical vignettes.130 Using this 
scheme, for the diagnosis of DCS, the most im-
portant factors in order of importance were: 
(1) a neurologic symptom as the primary pre-
senting symptom, (2) onset time of symptoms, 
(3) joint pain as a presenting symptom, (4) any 
relief after recompression, and (5) the maxi-
mum depth of the last dive. For the diagnosis of 
AGE, the top fi ve factors were: (1) onset time of 
symptoms, (2) altered consciousness, (3) any 
neurologic presenting symptom, (4) motor 
weakness, and (5) seizure as the primary pre-
senting symptom.

A point system for the diagnosis of DCS has 
been proposed, based on specifi c clinical 
markers of DCS, time of onset, and depth–time 
exposure.131 It has been tested retrospectively 

against a clinical series and appears to be rela-
tively specifi c, though not sensitive. Given the 
utility of point systems in other areas of medi-
cine, a validated diagnostic tool would be 
welcome in undersea medicine.

Scoring Systems of Severity 
and Recovery

One of the most commonly used classifi ca-
tions of DCS was published by Golding and 
colleagues,132 who proposed two types: type I, 
pain only; and type II, patients with symptoms 
other than pain or with abnormal physical 
signs. Over the years this classifi cation has 
been modifi ed in various ways. Instead of clas-
sifying the type of DCS, the current U.S. Navy 
Diving Manual classifi es symptoms.92 Type I 
symptoms include joint pain (musculoskeletal 
or pain-only symptoms) and symptoms that 
involve the skin (cutaneous symptoms) or 
swelling and pain in lymph nodes. Type II 
symptoms include neurologic, inner ear (stag-
gers), and cardiopulmonary (chokes) symp-
toms. In this scheme, type I and II symptoms 
may be present in the same patient.

The term type III DCS was introduced to 
describe patients who suffered AGE after tak-
ing up a signifi cant inert gas load during the 
earlier part of a dive and who experienced 
manifestations characteristic of both AGE and 
neurologic DCS.133 Previously, these classifi ca-
tions were used to decide treatment; however, 
this is no longer the case.92

Although the traditional classifi cation is of-
ten adequate for simple descriptive purposes, 
the term type II encompasses a huge range of 
severity. For epidemiologic research, a classifi -
cation or scoring scheme with more grada-
tions is required. Several such scoring systems 
have been published.131,134–141

Summary

Before treating a patient with suspected DCI, 
the only required components are a medical 
history and physical examination. Ancillary 
diagnostic tests such as a blood hemoglobin 
and chest radiograph may be helpful but 
are not absolutely required. Although further 
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testing may be indicated (e.g., vestibular or 
auditory), it can be postponed until after ini-
tial recompression treatment.

TREATMENT

Natural History if Untreated

The natural history of untreated DCS was pro-
vided by authors in the 19th and early 20th 
centuries. A compressed air environment with-
out recompression facilities was used during 
construction of the Eads Bridge over the 
Mississippi River in St. Louis from 1867 to 1874. 
Of about 600 men employed, there were 91 re-
ported cases of bends, of which 30 were classi-
fi ed as serious; 2 were crippled for life; and there 
were 13 deaths. Some of the severe cases im-
proved spontaneously,142 including Dr. Alphonse 
Jaminet, the physician hired to provide medical 
support for the men. After spending 2¾ hours 
at a pressure of 45 pounds per square inch 
gauge (psig; approximately 31 meters sea water 
[msw]) and decompressing over 3½ minutes, he 
experienced epigastric pain, leg weakness, and 
speech diffi culty. Twelve hours later, he began 
moving his legs and recovered completely.43,142 
Even after introduction of therapeutic recom-
pression, many cases of pain-only bends were 
untreated and resolved spontaneously.11

In pearl divers working around Broome, 
Australia, 60 of 200 divers with DCS experi-
enced rapid death, and 11 died later (8 of sep-
ticemia caused by cystitis and decubitus 
ulcers, and 3 of meningitis). The majority of 
the remaining divers recovered spontaneously, 
with only approximately 10% permanently 
affected by slight paresis, generally of the ante-
rior muscles of the legs.6 Spontaneous recov-
ery in 8 of 187 cases of serious DCS was 
reported in a series collected by the Royal 
Navy between 1965 and 1984.143

First-Aid Treatment

Initial treatment of the injured diver should 
be similar to the treatment of any patient with 
a major injury. Attention to airway, breathing, 
and circulation are paramount. Hypoxemia 

can occur because of aspiration of water or 
vomitus, pneumothorax, or cardiorespiratory 
DCS. The use of supplemental oxygen has two 
benefi ts: the treatment of arterial hypoxemia 
and an enhanced rate of resolution of inert 
gas bubbles. The fact that O2 administration 
can reduce bubble load in DCI was fi rst dem-
onstrated by Bert in the 19th century using 
experimental animals.9 The mechanism is be-
lieved to be a decrease in tissue inert gas par-
tial pressure and, therefore, a higher diffusion 
gradient for inert gas from bubble to tissue. 
Supplemental oxygen, therefore, is routinely 
recommended. As high an inspired concentra-
tion of O2 as is possible should be adminis-
tered, preferably using a tightly fi tting face 
mask. Other appropriate interventions may 
include endotracheal intubation and chest 
tube insertion to treat pneumothorax.

Systemic capillary leak, coronary artery em-
bolism, or peripheral vasodilation caused by 
spinal cord injury (“spinal shock”) may cause 
hypotension and tissue hypoperfusion. Fluid 
administration should be routine, except in 
isolated cerebral AGE occurring after a short 
time in shallow water (see later). In cases of 
cardiorespiratory DCS (chokes) occurring in 
the fi eld, the benefi ts of aggressive fl uid resus-
citation should be weighed against a possible 
risk for worsening pulmonary edema. In an 
animal model of chokes, diuretics appear to 
improve short-term outcome.

For DCS or AGE, recommendations have 
traditionally included placement of the pa-
tient in head-down or left lateral decubitus 
position. The rationale is based on one study 
in which dogs were more tolerant of intrave-
nously injected bubbles when placed on their 
left sides,144 possibly because in that position 
the right ventricular outfl ow tract is inferior 
to the right ventricular cavity, allowing air to 
migrate superiorly and prevent obstruction to 
blood fl ow. Furthermore, left-sided air injec-
tion was more likely to cause death when 
dogs were embolized in the head-up position 
compared with supine or head-down posi-
tion.145 In another study, head-down position 
reduced the volume of intra-arterial bubbles 
in the cerebral vessels because of the hydro-
static effect on intravascular pressure.146 
A case report describes unconsciousness and 
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15 psi higher were sometimes used.158 After 
reaching the pressure of relief, the consensus 
at the time favored waiting 20 to 30 minutes 
before starting decompression.

Oxygen administration was not routinely 
used until much later, although its scientifi c 
rationale had been available since the latter 
part of the 19th century. In the 1870s, in Paris, 
Paul Bert fi rst noted that when 100% oxygen 
was administered to animals after decompres-
sion, some of the signs would resolve.9 He 
observed that oxygen administration caused 
resolution of intravascular gas, but that recom-
pression (with air) was necessary to resolve 
bubbles that had migrated into the central ner-
vous system. Zuntz159 fi rst suggested using 
both pressure and oxygen, although he did not 
have the opportunity to administer it. When it 
was tried, the initial results, in fact, were some-
what disappointing, probably because it was 
not administered for long enough.11

Choice of Pressure

Compression reduces bubble volume by 
physical means, such that bubble volume re-
duces in inverse proportion to ambient pres-
sure. Although the volume may be consider-
ably reduced in this manner, the reduction in 
the various bubble dimensions will depend 
on the shape. For example, compression of a 
spherical bubble to 6 ATA (606 kPa) will 
reduce bubble volume to just under 17% of 
the original, but will reduce the diameter by 
only 43%. Cylindrical bubbles, such as might 
occur inside a blood vessel, will experience a 
relatively greater reduction in dimensions, 
but predominantly in bubble length.

Although a reduction in bubble volume 
will continue to occur as ambient pressure is 
increased, several factors limit the maximum 
compression. Bubble size reduction is asymp-
totic rather than linear. Progressive recom-
pression will also result in a further uptake of 
inert gas, unless 100% oxygen is breathed. As 
a result of this inert gas uptake, symptoms 
may become even more pronounced during 
the subsequent decompression.160 In addi-
tion, nitrogen narcosis impairs the perfor-
mance of chamber tenders at pressures 

hypotension after injection of air into the aor-
tic root, which resolved within 1 minute after 
placing the 63-year-old woman in the vertical 
head-down position.147 However, increased 
brain swelling has been observed when the 
head-down position is used.146,148 Moreover, 
buoyancy appears to have little effect on the 
distribution or hemodynamic consequences 
of either arterial149,150 or venous151,152 air. For 
mild cases (e.g., pain-only bends), there is no 
known reason for body position to be impor-
tant. For severe cases, the patient should be 
placed in the best position possible for deliv-
ery of care and maintenance of blood pres-
sure, usually supine. Lateral decubitus position 
may be indicated if the patient is unconscious 
and does not have a protected airway.

Recompression Therapy

Recompression therapy for caisson disease 
was fi rst proposed in 1854 by Pol and Wattelle 
in Europe10 and then by Andrew Smith, the 
physician for the Brooklyn Bridge construc-
tion in the 1870s3,153; however, it was not 
implemented until 1889 during the Hudson 
River tunnel construction when Ernest Moir 
effectively used recompression to reduce the 
caisson disease death rate.154 Improved out-
come with recompression was then reported 
in 1896 in England during excavation of the 
Blackwall Tunnel under the Thames River.155 
Statistical evidence for the benefi t of recom-
pression was shown in New York City by 
Keays,11 who reported a failure rate of 13.7% 
in caisson workers with pain treated without 
recompression versus a 0.5% failure rate with 
recompression treatment.

Initiation of recompression therapy for div-
ers took much longer. It was not until the 
1924 edition of the U.S. Navy Diving Manual156 
that air recompression was recommended. In 
different settings treatment pressure was 
based either on the depth of the dive (or a 
fraction or multiple thereof) or on the depth 
of relief.157 During construction of the 
New York-Queens Midtown Tunnel in 1938, 
the recommended treatment pressure was 
equal to that to which the worker was origi-
nally exposed, although pressures 5, 10, or 
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greater than 4 to 6 ATA. Therefore, except 
under unusual circumstances, conventional 
(air/oxygen-nitrogen) recompression therapy 
is limited to 6 ATA (606 kPa).

Canine models have been used to investi-
gate different pressures systematically.161 After 
AGE, the investigators tested different pres-
sures varying from 2.8 to 10 ATA breathing air 
and at 2.8 ATA breathing 100% oxygen. No 
signifi cant differences were observable in the 
different rates of recovery, and none of the 
treatments was better than oxygen administra-
tion at 2.8 ATA (60 fsw). In a series of experi-
ments in anesthetized dogs with spinal cord 
DCS, ambient treatment pressures of 3, 5, and 
7 (inspired PO2 � 2 ATA) and 2.8 ATA (inspired 
PO2 � 2.8 ATA) were tested; results showed no 
measurable advantage of any pressure.122 

Oxygen

The effect of 100% O2 breathing to “wash out” 
inert gas results in an increased partial pressure 
gradient for inert gas from inside to outside a 
bubble. This increases the rate of resolution of 
tissue gas. Use of O2 also prevents any addi-
tional uptake of inert gas during recompres-
sion therapy of decompression illness. HBOT 
currently represents the standard of care for 
treatment of DCI.

The initial rationale for hyperbaric oxygen 
provided by Zuntz159 was accelerated washout 
of inert gas and bubble resolution. There are 
probably additional, possibly more important, 
mechanisms by which hyperbaric oxygen 
treats DCI. These include increased oxygen 
delivery and pharmacologic effects of hyper-
baric oxygen such as edema resolution and 
inhibition of �2-integrin–mediated neutrophil 
adhesion to injured endothelium.162

In 1939, Yarbrough and Behnke163 reported 
the superiority of hyperbaric oxygen in treat-
ing DCS, but it was not immediately adopted. 
It became offi cially available to the U.S. Navy 
in 1944157 but was rarely used. In the Navy 
oxygen table, 100% O2 was administered 
at depths of 60 fsw and shallower, but only 
for a total of 95 minutes, of which only 
30 minutes were spent breathing O2 at 

60 fsw (compared with the current standard 
of �60 minutes). In the 20 years after World 
War II, the failure rate for the tables used 
(mostly air) was nearly 30%.164

A PO2 of 3 ATA is the greatest ambient pres-
sure at which 100% O2 administration is practi-
cal: central nervous system oxygen toxicity is 
limiting at higher PO2. A study of the treatment 
of spinal cord DCS with different PO2 (from 
1–3 ATA) at a constant ambient pressure 
(5 ATA) revealed the optimum inspired PO2 was 
2 to 2.5 ATA.121 In a follow-up study to com-
pare PO2 of 2.0 ATA with 2.8 ATA, no signifi cant 
difference in outcome was observed.123

Inert Gas

During a therapeutic compression, the use 
of a different inert gas from the one that 
was breathed during the dive may facilitate 
bubble resolution. If the properties of the 
“therapeutic” inert gas are appropriately 
chosen such that its rate of transport through 
tissue is lower than the fi rst, then bubble 
shrinkage will be accelerated. Helium is 
approximately 40% less soluble than nitro-
gen in blood and could therefore facilitate 
bubble resolution in this way. Anecdotal 
reports have suggested an advantage of he-
liox treatment of DCI after nitrogen-oxygen 
(or air) dives.165 Although some animal stud-
ies of cardiopulmonary decompression ill-
ness have failed to demonstrate an advan-
tage of heliox,166,167 compared with air or 
oxygen breathing, its administration causes 
more rapid shrinkage of air bubbles in adi-
pose tissue,168 spinal cord white matter,169 
tendon, muscle, and aqueous humor.170 After 
heliox diving, bubbles tend to grow when 
air is breathed; shrinkage is fastest with 
100% oxygen.171

In humans, almost all cases of DCI can be 
treated at 2.8 ATA (60 fsw), where 100% oxy-
gen is both safe and effective. Choice of an 
inert gas is important only at greater pres-
sures. Experience with the use of deeper 
tables in which either nitrogen or helium can 
be used as the inert gas have not consistently 
demonstrated an advantage of helium.172
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vealed that these oxygen tables had a high 
degree of success.173 Experience since that 
time has confi rmed the initial observations 
(Table 14.1), and these treatment tables re-
main the “gold standards” for the treatment 
of most cases of DCI.174

U.S. Navy Table 5 (Royal Navy [RN] Table 61) 
is used for the treatment of pain-only or skin 
bends. U.S. Navy Table 6, RN Table 62) is used 
for the treatment of more severe cases of DCI. 
Additional periods of O2 breathing can be 
added at both 60 (18 m) and 30 feet (9 m). 
Extensions are prescribed based on the clini-
cal response of the patient as judged by peri-
odic interviews and neu rologic examinations 
during the treatment. The Catalina modifi ca-
tion of U.S. Navy Table 6 allows up to eight 
20-minute periods of 100% oxygen breathing 
at18 msw175,176 (Fig. 14.14).

Oxygen Tables Designed 
for Monoplace Use

Monoplace chambers were originally de-
signed without the capability of administering 
air breaks. Treatments tables within this con-
straint were developed and tested, and found 
to be effective for most cases.177–181

Kindwall’s table for a monoplace chamber 
without air breaks is as follows182:

Therapeutic Protocols

Recompression schedules for the treatment of 
DCI consist of a relatively rapid recompres-
sion to a specifi ed pressure and then a slow 
decompression. Oxygen breathing is used as 
much as possible at ambient pressures of 
2.8 ATA (60 fsw) or lower.

Standard U.S. Navy Oxygen Tables

Systematic development and assessment of 
low pressure (�60 fsw) oxygen tables was 
then begun by the U.S. Navy. The initial com-
pression depth was 33 fsw (10 msw) with 
the diver breathing 100% O2. If symptoms 
were relieved within 10 minutes, the cham-
ber was maintained at the same pressure 
for an additional 30 minutes, then decom-
pressed. Otherwise, the chamber pressure 
was increased to 60 fsw. A high recurrence 
rate using the 33 fsw table led to its aban-
donment and the development of treatment 
tables requiring an initial recompression to 
60 fsw.164 The new tables were U.S. Navy 
Tables 5 (Fig. 14.12) and 6 (Fig. 14.13), in 
which divers were administered 100% O2 at 
60 (18 msw) and 30 fsw (9 msw) continu-
ously, except for short air breaks to reduce 
O2 toxicity. Workman’s 1968 analysis re-
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Descent rate 8 msw/min (25 fsw/min)

Total elapsed time 2 h 15 min (excluding descent time)
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Figure 14.12 U.S. NAVY TREAT-
MENT TABLE 5. This table is used 
for pain-only or mild cutaneous 
symptoms with no neurologic abnor-
mality. If complete relief of symptoms 
has not occurred within 10 minutes of 
compressing the patient to 60 feet 
(18 m), then U.S. Navy guidelines 
prescribe Table 6. White areas 
denote air; gray areas denote oxy-
gen. fsw, feet sea water; msw, meters 
sea water. (From Moon RE, 
Gorman DF: Treatment of the 
decompression disorders. In: 
Neuman TS, Brubakk AO (eds): 
The Physiology and Medicine 
of Diving. New York, Elsevier 
Science, 2003, pp 600–650, by 
permission.)
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Pain-only or skin bends: 2.8 ATA (60 feet) for 30 minutes
15-minute decompression to 1.9 ATA (30 feet)
1.9 ATA for 60 minutes
15-minute decompression to 1 ATA

In order to use this schedule, all symptoms must resolve within 
10 minutes of reaching 2.8 ATA. If not, the longer table below 
must be used.

Neurologic DCI, AGE, or pain-only or skin bends that fail to resolve within 10 minutes on the 
table above:

2.8 ATA (18 m, 60 feet, 26 psig) for 30 minutes
30-minute decompression to 1.9 ATA
1.9 ATA for 60 minutes
30-minute decompression to 1 ATA

If symptoms have not resolved, the table may be repeated after 
30 minutes breathing air at 1 ATA.
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Descent rate 8 msw/min (25 fsw)

Ascent rate 0.3 msw/min (1 fsw)

Total elapsed time 4 h 45 min
(not including descent time)
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Figure 14.13 U.S. NAVY TREATMENT TABLE 6. Table 6 is used for treatment of neurologic decompression 
illness and pain-only or mild cutaneous symptoms that are not relieved within 10 minutes of reaching 60 feet (18 m) 
breathing oxygen. Table 6 can be extended at 60 feet (18 m) and at 30 feet (9 m) if symptoms have not been 
relieved within the fi rst three oxygen cycles. A modifi ed U.S. Navy Table 6 has been designed at the Catalina Marine 
Science Center, allowing for up to 5 extensions at 60 fsw (18 msw; see Fig. 14.11). White areas denote air; gray 
areas denote oxygen. fsw, feet sea water; msw, meters sea water. (From Moon RE, Gorman DF: Treatment 
of the decompression disorders. In: Neuman TS, Brubakk AO (eds): The Physiology and Medicine of 
Diving. New York, Elsevier Science, 2003, pp 600–650, by permission.)

The monoplace table that Hart177,178 de-
signed specifi es 100% oxygen administration 
at 3 ATA for 30 minutes followed by 2.5 ATA 
for 60 minutes.

Short Oxygen Treatment Tables 
with Excursion to Pressure Greater 
Than 2.8 Atmospheres Absolute

Different tables were developed in the U.S. 
Navy for the treatment of AGE, in which it was 
believed that a higher pressure would be ap-

propriate because of the likelihood of greater 
gas volume. An experimental study in anesthe-
tized dogs using intracarotid air injection and a 
skull window technique revealed that all visible 
bubbles disappeared at a compression depth 
of 100 fsw,183 suggesting that this would be an 
appropriate compression depth for AGE in div-
ers. However, on the basis that fl eet diving 
medical offi cers would demand a 165 fsw table, 
U.S. Navy Tables 5A (later abandoned) and 6A 
(Fig. 14.15), incorporating a 30-minute period 
of air breathing at 165 fsw (50 msw), were in-
troduced. Many practitioners use 40% to 50% 
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Table 14.1 Single Recompression Success Rate of Oxygen Treatment Tables

SOURCE CASES (N) TABLE USED
COMPLETE 
RELIEF (%)

SUBSTANTIAL 
RELIEF (%) COMMENTS

Workman173 150 USN 85 95.3% after 
second treatment

Erde and Edmonds301 106 USN 81
Davis and colleagues302 145 USN 98 Altitude DCS
Bayne303 50 USN 98
Pearson and Leitch304 28 USN 67 83
Kizer305 157 USN 58 83 Long delays
Yap306 58 USN 50 84 Mean delay 48 hours
Gray307 812 USN 81 94
Hart and colleagues178 73 Hart Mono-

place Table
29
86 (type I)
4 (type II)

Many delayed

Green and 
colleagues202

208 USN 96 All pain only, USN 
Table 5

Ball136 14
11
24

USN 93 (mild cases)
36 (moderate 
cases)
8 (severe cases)

Many cases with long 
delays

Smerz and 
colleagues185

89 USN 92 Additional cases 
treated using deep air 
tables, similar results

Total 1836 79.2

DCS, decompression sickness; USN, U.S. Navy.
Adapted from Thalmann ED: Principles of US Navy recompression treatments for decompression sickness. In: Moon RE, Sheffi eld PJ (eds): Treatment of 

Decompression Illness. Kensington, MD, Undersea and Hyperbaric Medical Society, 1996, pp 75–95.

oxygen (rather than air, as originally intended) 
during the 30-minute period at 6 ATA. Comex 
Table 30 (Fig. 14.16) uses an excursion to 30 m 
(98 feet), with 50/50 oxygen/helium or oxy-
gen/nitrogen as the breathing gas by mask 
while the ambient pressure is greater than 
2.8 ATA (282 kPa). When this table is used, 
European practice tends to favor the use of 
heliox, whereas American experience suggests 
that nitrogen/oxygen is as effi cacious.

Although compression deeper than 2.82 ATA 
remains in the armamentarium of most na-
vies and offshore commercial diving opera-
tors, and many practitioners have observed 
good clinical results, published evidence for 
its effi cacy is lacking. Animal experiments 
have thus far failed to fi nd an advantage of 
Table 6A over Table 6 in models of AGE.184 In 
a retrospective review of 14 divers with DCI 
who had not responded satisfactorily to ini-
tial compression to 2.8 ATA (282 kPa) and 
who were then recompressed to a greater 

pressure (up to 8.6 ATA, 868 kPa; 76 m, 
250 feet), Leitch and Green160 concluded that 
additional recompression rarely either al-
tered the clinical course or produced clini-
cally signifi cant improvements. A published 
series of the routine use of deep initial re-
compression (up to 8.5 ATA) indicated excel-
lent outcomes but no advantage over stan-
dard U.S. Navy Tables.185 However, anecdotal 
reports suggest that a small number of divers 
with DCI who do not respond to treatment 
at 2.8 ATA (282 kPa) may respond at a higher 
pressure,186 particularly if 50/50 or 40/60 
oxygen/nitrogen mixtures are used in prefer-
ence to air at 6 ATA.187–190

Deep Tables

Decompression illness during or after short-
duration deep dives (usually deeper than 50 m 
or 165 feet) may benefi t from recompression 
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Total elapsed time 11 h 52.4 min
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Figure 14.14 CATALINA TREATMENT TABLE. The “Catalina” Table is a modifi ed version of U.S. Navy Treatment Table 6. All oxygen 
breathing cycles are of 20 minutes in duration followed by 5 minutes breathing air. In its current implementation, shorter versions of this table 
may be used as follows. After 3 oxygen cycles at 60 feet (18 m), a minimum of 6 cycles are required at 30 feet (9 m; equivalent to U.S. Navy 
Table 6); after 4 cycles at 60 feet, 9 cycles are required at 30 feet; after 5 to 8 cycles at 60 feet, a minimum of 12 cycles are required at 
30 feet. Up to 18 cycles at 30 feet (as shown above) can be used. Tenders must breathe oxygen for 60 minutes at 30 feet and during the 
decompression to the surface (total, 90 minutes). If there have been fewer than 4 oxygen cycles at 60 feet and fewer than 9 cycles at 30 feet, 
then only 30 minutes of oxygen breathing is required for the tender at 30 feet in addition to the decompression time (total, 60 minutes), 
although some practitioners prefer the longer recommendation above. Further treatments can be started only after 12 hours of air breathing at 
the surface. For further detail on this table, see Pilmanis.175 White areas denote air; gray areas denote oxygen. fsw, feet sea water; 
msw, meters sea water. (From Moon RE, Gorman DF: Treatment of the decompression disorders. In: Neuman TS, Brubakk AO 
(eds): The Physiology and Medicine of Diving. New York, Elsevier Science, 2003, pp 600–650, by permission.)
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Total elapsed time 5 h 19 min
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Air or optional 50:50 nitrogen/oxygen

60 30

Figure 14.15 U.S. NAVY TABLE 6A. U.S. Navy Table 6A consists of a 30-minute excursion to 6 atmospheres absolute (ATA; 
606 kPa; 165 feet, 50 m) while the patient breathes air, followed by an oxygen breathing portion identical to U.S. Navy Table 6. The original 
rationale of this table was to provide for maximum Boyle’s Law compression of gas during the 6 ATA (606 kPa) excursion, followed by bub-
ble resolution augmented by oxygen breathing. It was initially recommended for treatment of arterial gas embolism. Although the U.S. Navy 
still recommends air as the appropriate breathing gas at 6 ATA, others have used nitrogen-oxygen mixtures (usually 60/40 or 50/50). The 
advantage of U.S. Navy Table 6A compared with U.S. Navy Table 6 has been called into question by some controlled animal studies in sug-
gesting that compression beyond 2.82 ATA (282 kPa) provides no additional benefi t. Nevertheless, clinical experience has suggested that a 
small percentage of patients may respond to treatment at 6 ATA but fail to do so at 2.8 ATA. The major use of U.S. Navy Table 6A, compared 
with U.S. Navy Table 6, is likely to be for patients with large volumes of gas treated with short delay. White areas denote air; light gray 
areas denote oxygen; dark gray areas denote air or optional 50/50 nitrogen/oxygen. fsw, feet sea water; msw, meters sea water. 
(From Moon RE, Gorman DF: Treatment of the decompression disorders. In: Neuman TS, Brubakk AO (eds): The Physiol-
ogy and Medicine of Diving. New York, Elsevier Science, 2003, pp 600–650, by permission.)
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HELIOX 50/50: 1 BIBS session
25 min ON + 5 min OFF

HELIOX 50/50: 1 BIBS session 
25 min ON + 5 min OFF

OXYGEN: 2 BIBS sessions
25 min ON + 5 min OFF

OXYGEN: 1 BIBS session
25 min ON + 5 min OFF

OXYGEN: 6 BIBS sessions
25 min ON + 5 min OFF

OXYGEN
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AMBIENT

AMBIENT

AMBIENT

AMBIENT

AMBIENT

OXYGEN: 6 BIBS sessions
25 min ON + 5 min OFF

OXYGEN
30 min ON BIBS

01h.00

01h.30

02h.00

02h.30

03h.30

04h.00

07h.00

07h.30

DEPTH DURATION

CX 3086

RECOMPRESS CHAMBER TO 30 METERS
ON HELIOX 20/80 or AIR

ELAPSED
TIMEATTENDANTPATIENT

BREATHING MIX

Figure 14.16 COMEX TABLE 30. This 30-m (100-feet) table is frequently used with 50/50 heliox in European 
diving practice for the initial treatment of decompression illness (Kol S, Adir Y, Gordon CR, et al: Oxy-helium treatment 
of severe spinal decompression sickness after air diving. Undersea Hyperb Med 20:147–154, 1993). It is also used 
with 50/50 oxygen/nitrogen. (From James PB, Imbert J-P, Arnoux G, et al: Comex Medical Book, Revised 
ed. Marseille, France, Comex SA, 1986.)

to depths greater than those specifi ed by the 
standard tables, particularly if there has been 
signifi cant missed decompression.191 Exam-
ples are the Lambertsen/Solus Ocean Systems 
Table 7A (Fig. 14.17) and U.S. Navy Treatment 
Table 8 (Fig. 14.18). Table 8 was designed for 
treating deep, uncontrolled ascents (“blow-
ups”) when more than 60 minutes of decom-
pression has been missed.192 Another proto-

col, based on the recommendations of the 
European Undersea Biomedical Society and 
the U.K. Association of Diving Contractors, 
consists of compression to 18 m (60 feet) 
or depth of relief breathing helium/oxygen. 
The decompression schedule is shown in 
Table 14.2. Guidelines for the use of this table 
are discussed later in the “Closed-Bell and 
Saturation Diving” section.

              



302 Section IV Indications

Saturation Treatment after Shallow 
Dives

In the event that a patient with signifi cant 
neurologic symptoms, especially weakness, 
has incomplete relief of symptoms after a 
period at 2.8 ATA (282 kPa) during U.S. Navy 
Table 6, or if there is evidence of deterioration 
during decompression from that treatment 
table, then saturation recompression may be 
an option. This technique consists of maintain-
ing the patient in the hyperbaric chamber at a 
fi xed ambient pressure while administering 
intermittent enriched O2 treatment.188,193 The 
most straightforward saturation treatment ta-
ble is U.S. Navy Table 7 because it is designed 
for a depth (2.8 ATA, 60 fsw) at which air can 

be used for the chamber atmosphere without 
causing pulmonary oxygen toxicity (for de-
tails, see U.S. Navy Diving Manual92; Fig. 14.19). 
In this table, the patient is maintained at pres-
sure for a minimum of 12 hours.

Saturation treatments are labor intensive and 
expensive and require capabilities not available 
at most chamber facilities, including chamber 
atmosphere monitoring and maintenance, as 
well as two inside tenders and two chamber 
operators constantly on duty. Saturation treat-
ment, therefore, should not be used unless the 
patient has signifi cant neurologic injury and 
adequate facilities exist for its implementation. 
Saturation treatment has not been shown to be 
more effective than repetitive oxygen tables. 
Proposed guidelines for saturation treatment 
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Descent rate as fast as possible at least 8 msw/min (25 fsw/min)

Air or helium–oxygen
Oxygen

Elapsed time from 50 msw (165 fsw) 36 h 0 min

30 min intervals 30 min intervals

Figure 14.17 LAMBERTSEN/SOLUS OCEAN SYSTEMS TABLE 7A. This table is most commonly used 
in commercial diving for symptoms that develop at pressure, for recompression deeper than 165 feet (50 m), or 
when extended decompression is necessary. The patient is held at the treatment depth for 30 minutes. If he or she 
is breathing air, the depth limit should be 200 feet (61 m). After the 30-minute compression, the patient is de-
compressed to 165 feet (50 m) in 1 minute, and then the table followed as shown. If the patient is breathing he-
lium/oxygen, he or she should be compressed to depth of relief plus 33 feet (10 m), but not deeper than the bot-
tom depth of the dive. After a 30-minute period at that depth, the chamber should be decompressed to 165 feet 
at 15 ft/hr (50 m at 4.5 m/hr), and the remainder of the table followed as shown. White areas denote air of he-
lium/oxygen; gray areas denote oxygen. fsw, feet sea water; msw, meters sea water. (Reproduced from Moon 
RE, Gorman DF: Treatment of the decompression disorders. In: Neuman TS, Brubakk AO (eds): The 
Physiology and Medicine of Diving. New York, Elsevier Science, 2003, pp 600–650, by permission.)
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cortical function during decompression from 
2.8 ATA while breathing oxygen.

In-Water Recompression

In the absence of a recompression chamber, it 
may appear logical for the diver with symp-
toms to recompress himself in the water. 
Although this may relieve symptoms acutely, it 
causes further inert gas uptake, which can 
precipitate more severe decompression ill-
ness when the diver eventually surfaces. In-
water recompression breathing air has been 
used successfully.194–196 Oxygen breathing 
should be more effi cacious, and procedures 
for in-water recompression while breathing 
100% oxygen have been described for use in 
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Figure 14.18 U.S. NAVY TREATMENT TABLE 8. Designed for treatment of deep “blowups,” in which there 
has been more than 60 minutes of missed decompression stop time. It can be used in other situations, for exam-
ple, to compress to a depth greater than 165 feet sea water (fsw; 50 meters sea water [msw]), or to stop decom-
pression between 165 and 60 fsw. Maximum times at each depth are shown; times at 60, 40, and 20 fsw are un-
limited; decompression occurs in increments of 2 fsw. When deeper than 165 fsw (50 msw), to reduce narcosis, a 
16% to 21% O2 in helium can be administered. Four treatment cycles, each consisting of 25 minutes of “treatment 
gas” followed by 5 minutes of chamber air, can be administered deeper than 60 fsw. Treatment gas used deeper 
than 60 fsw is 40% O2 in either He or N2; at 60 fsw (18 msw) or shallower, treatment gas is 100% O2. For O2 
administration at 60 fsw or shallower, U.S. Navy Treatment Table 7 guidelines are used. Further details can be found 
in the U.S. Navy Diving Manual.92 (From Moon RE, de Lisle Dear G, Stolp BW: Treatment of decompres-
sion illness and iatrogenic gas embolism. Respir Care Clin N Am 5:93–135, 1999, by permission.)

Table 14.2 Therapeutic Table for Use after 
Helium-Oxygen Bounce Diving

DEPTH DECOMPRESSION RATE

Deeper than 100 m 1.5 m/hr
100 to 10 m 1.0 m/hr
10 m to surface 0.5 m/hr

From Bennett PB: The Treatment Offshore of Decompression Sickness: 
European Undersea Biomedical Society workshop. Bethesda, MD, 
Undersea Medical Society, 1976.

include: (1) major weakness, urethral or anal 
sphincter dysfunction, cortical symptoms, or 
altered consciousness; and (2) improvement 
with recompression but incomplete relief at 
the end of the scheduled period at 2.8 ATA 
or major deterioration in motor strength or 
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should be given 100% oxygen for 1-hour peri-
ods, interspersed with similar periods breath-
ing air.

Choice of Treatment Algorithms

Surface-Oriented Diving

Mild Bends or Limb Pain Only

According to U.S. Navy guidelines and com-
mon practice, divers with pain-only or skin 
bends can be treated using U.S. Navy treat-
ment Table 5, provided there are no neuro-
logic abnormalities by history or on examina-
tion and if complete relief of symptoms occurs 
within 10 minutes of compression to 2.8 ATA 
(282 kPa). Green and colleagues202 have 
reviewed a series of cases treated by the U.S. 
Navy and found that Table 5 is as effective 
as Table 6 when used according to these 
guidelines.

locations where chamber recompression is 
not available.194,197–200

Australian guidelines198,200,201 include the 
following mandates: (1) oxygen administration 
(and adequate oxygen supply) via a full face 
mask, which protects the airway of a semicon-
scious diver; (2) adequate thermal protection 
(e.g., wet suit); (3) a rope 10 meters long 
(a seat or harness may be rigged for support of 
the diver); (4) an attendant to accompany the 
diver; and (5) some form of communication 
among patient, attendant, and surface. Oxygen 
should be delivered to the diver from a tank 
on the surface with a nonreturn valve between 
the supply line and the mask. The initial com-
pression depth is 9 m (30 feet). Time at depth 
is usually 30 minutes, although this can be ex-
tended for 30 or 60 minutes for severe cases. 
Ascent is at a rate of 12 min/m (4 min/ft). If the 
symptoms recur, the patient should remain at 
depth an additional 30 minutes before surfac-
ing. For 12 hours after surfacing the diver 
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Figure 14.19 U.S. NAVY TREATMENT TABLE 7. This table allows for a prolonged (saturation) stay at 60 feet 
(18 m). It is used for serious cases of decompression illness that resolve incompletely during one of the standard 
oxygen tables, or for deterioration during decompression from one of those tables. U.S. Navy guidelines specify that a 
minimum of 12 hours must be spent at 60 feet, but the maximum duration is not specifi ed. To simplify timekeeping, 
oxygen breathing periods of 25 minutes are followed by 5 minutes of breathing chamber atmosphere (air). Four oxygen 
breathing periods are alternated with 2 hours of continuous air breathing; if the patient is conscious, this cycle should 
be continued until a minimum of eight oxygen breathing periods have been administered. Oxygen breathing periods 
made before the decision to saturate at 60 feet may be counted. Oxygen breathing periods may be continued to 
maximize the benefi t, but symptoms of pulmonary oxygen toxicity (e.g., pain on inspiration) may require a modifi cation 
of the above schedule. If the patient is unconscious, oxygen breathing should generally be stopped after a maximum of 
24 oxygen breathing periods. White areas denote air; light gray areas denote oxygen; dark gray areas denote 
oxygen breathing periods of 25 minutes are followed by 5 minutes of breathing chamber atmosphere. *See 
U.S. Navy Diving Manual92 for details. (From Moon RE, Gorman DF: Treatment of the decompression 
disorders. In: Neuman TS, Brubakk AO (eds): The Physiology and Medicine of Diving. New York, 
Elsevier Science, 2003, pp 600–650, by permission.)
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Neurologic Decompression Illness

For neurologic DCI, initial compression to 
18 msw (60 fsw) while breathing 100% O2 
is recommended.174 U.S. Navy Table 6 is ap-
propriate treatment for such individuals. Up 
to two additional periods of O2 breathing at 
60 (18 m; 2.8 ATA, 282 kPa) and 30 feet 
(9 m; 1.9 ATA, 191 kPa) are allowed accord-
ing to the U.S. Navy Diving Manual.92 Fur-
ther extensions are feasible by using the 
Catalina Marine Science Center maximum 
treatment table (see Fig. 14.14).

Some published series suggest that for 
neurologic DCI, treatment with longer tables 
(e.g., U.S. Navy Table 6 vs. extended U.S. Navy 
Table 6) was less effi cacious than with shorter 
tables.135,143 However, these studies should 
not be interpreted as indicating that more 
intensive treatment is less likely to result in a 
satisfactory result, but rather that divers who 
do not respond quickly to recompression are 
more likely to be prescribed an extended 
treatment.

Clinical experience suggests that AGE 
will usually respond to U.S. Navy treatment 
Table 6. Deeper recompressions are recom-
mended only for patients who do not re-
spond at 60 fsw, usually when treatment is 
initiated quickly after the diver surfaces.

In the event that only a monoplace cham-
ber is available, some hyperbaric physicians 
have been reluctant to use it for standard 
recompression table administration because 
of the diffi culty in administrating air breaks. 
However, tables that Hart and Kindwall have 
described for monoplace use appear to be 
effective in most cases.177–181 Administration 
of standard U.S. Navy tables in a monoplace 
chamber requires only a simple modifi ca-
tion to install a BIBS (Built-in Breathing 
System, a mask administration system to 
allow a chamber occupant to breathe air 
from a mask).

Closed-Bell and Saturation Diving

The recompression options for those who dive 
to greater depths than do surface-oriented div-
ers are more complicated. For bends that occur 

after surfacing, standard oxygen tables are 
usually effective. Some experts recommend 
avoiding air recompression, particularly after 
recently switching from helium/oxygen be-
cause, possibly by counterdiffusion, this may 
lead to a sudden deterioration.191 However, 
U.S. Navy practice and commercial diving op-
erations in the Gulf of Mexico include the use 
of standard therapeutic air/O2 tables (e.g., U.S. 
Navy Tables 6, 6A, and 7) for bends that occur 
after helium/oxygen dives. For symptoms that 
occur during decompression from a saturation 
or deep bounce dive, the diver is usually com-
pressed to depth of relief or to the original dive 
depth. After at least 2 hours at maximum 
depth, decompression on the schedule in 
Table 14.2 can be used. Symptoms that occur 
during decompression from saturation dives 
are usually minor (generally pain only). Treat-
ment options include combinations of any of 
the following: (1) administration of O2-enriched 
breathing mix (1.5–2.8 ATA), (2) recompres-
sion of the chamber, or (3) a temporary halt in 
the decompression.203–206 Further details can 
be found elsewhere.92,203–209

Delayed Treatment

The period of delay after which no benefi t 
from hyperbaric treatment can be obtained 
may be several days long.210–218 Recompres-
sion of a diver is therefore reasonable even up 
to several days after onset of symptoms. Mild 
DCS in a remote location, where recompres-
sion is not available and immediate evacuation 
is not feasible, can be managed conservatively. 
Consensus guidelines for management of such 
patients are reproduced in Table 14.3.

Timing, Duration of Treatment, 
and Follow-up Treatment

If complete relief of symptoms is not achieved 
after a single hyperbaric treatment, repetitive 
HBOT with daily or twice-daily hyperbaric treat-
ments is recommended until either the patient 
has experienced complete relief or there is no 
further incremental improvement as assessed 
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by history and physical examination after each 
subsequent treatment.174 Most cases reach such 
an end point after one to two treatments. A 
small number of patients with severe neuro-
logic DCI do not reach a plateau until 10 to 20 
treatments or more have been administered.

Mechanisms for continued improvement 
with repetitive hyperbaric treatment include 
persistence of gas bubbles,219 reduction of 
edema,220,221 provision of adequate oxygen 
delivery to ischemic tissue,222 and inhibition 
of neutrophil adhesion to damaged endothe-
lium.223,224 No general agreement exists on 
which table to use for such follow-up therapy. 
A retrospective analysis supported the use of 
2.8 versus 2.4 ATA.225 Other observations 
have found no advantage.136

ADJUNCTIVE MEASURES 
TO RECOMPRESSION

Although bubble elimination is the primary 
goal of treatment, there are secondary patho-
physiologic mechanisms of injury that may 
also be amenable to intervention, including 
capillary leak and endothelial leukocyte accu-
mulation. The role of leukocytes has been 
demonstrated in brain AGE in dogs and rab-
bits73 and DCS in rats.162,226 It is possible that 
the mechanism of HBOT may actually be 
partly due to its effects on these secondary 
phenomena, such as the accumulation of leu-
kocytes.223,224,227,228 Guidelines for adjunctive 
treatments are discussed here and summarized 
in Table 14.4.

Fluid Administration

The microcirculation is compromised in DCI 
as a consequence of bubble-induced endothe-
lial damage and consequential plasma extrava-
sation,44–47,229,230 platelet and leukocyte accu-
mulation, fat embolism, and thrombus formation. 
Fluid administration is recommended for all 
cases of DCI. Isotonic IV fl uids are preferred 
because hypotonic fl uids can induce cerebral 
edema. Glucose-containing solutions should be 
avoided because they may lead to a worsening 
of neurologic lesions in both brain231 and spi-
nal cord.232 Inert gas washout is accelerated by 
maneuvers that increase central blood volume 
and cardiac preload, including supine posi-
tion,233 head-down tilt,234 and head-out immer-
sion.233,234 Aggressive fl uid administration may 
therefore be indicated for DCI, even if there is 
no signifi cant dehydration.

The effi cacy of oral fl uids in the treatment of 
DCI is unknown. However, fl uids that contain 
60 mM sodium and 80 to 120 mM glucose have 
been used successfully for rehydration in severe 
diarrheal illness. Thus, for mild bends, oral fl uids 
may be adequate, or if IV access in the fi eld is 
not available and the patient is able to tolerate 
oral intake, oral resuscitation is better than none. 
However, such rehydration should be avoided in 
the acute resuscitation of a severely injured 
diver, particularly if consciousness is impaired.

End points for fl uid administration may 
include standard clinical assessment of intra-
vascular volume, urine output, and blood he-
moglobin/hematocrit. Bladder catheterization 
is recommended for severe cases.

 

From Mitchell SJ, Doolette DJ, Wachholz CJ, et al. (eds): Management of Mild or Marginal Decompression Illness in Remote Locations. Durham, NC, Divers Alert 
Network, 2005.

Table 14.3  Consensus Guidelines for Management of Mild Decompression Sickness 
in Remote Locations—Cont’d
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Corticosteroids

Corticosteroids have been used extensively in 
the treatment of DCI, with some anecdotal sup-
port for their use.235–238 However, analysis of 
outcome against the single factor of corticoste-
roid administration has not shown any bene-
fi t.239 Corticosteroids do not improve outcome 
in animal models of DCI.125,148,240 High doses 
that have been tested as a prophylactic regi-
men in pigs241 do not protect against severe 
DCI in this model and are associated with a 
greater mortality rate. Corticosteroids are there-
fore not recommended for DCI treatment.

Anticoagulants and Nonsteroidal 
Anti-infl ammatory Drugs

Bubbles can induce platelet accumulation, 
adherence, and thrombus formation.242–246 
However, as noted earlier, only the triple com-

bination of heparin, indomethacin, and prosta-
glandin I2 improved somatosensory-evoked 
potential recovery in a model of AGE.247 How-
ever, improvements were not sustained be-
yond 4 hours.248 Furthermore, the combina-
tion did not reduce either neutrophil249 or 
platelet accumulation in the affected brain.248

In patients with leg immobility caused by 
DCI, thromboembolic disease is a risk. Of 
28 consecutive patients with DCI and inability 
to walk for at least 24 hours because of leg 
weakness, there was 1 death and 3 cases of 
life-threatening pulmonary embolism, of which 
1 patient died.250 It is recommended that all 
DCI patients with major lower limb weakness 
receive subcutaneous low-molecular-weight 
heparin. The effi cacy of low-molecular-weight 
heparin has not been demonstrated in this 
setting. Nevertheless, consensus guidelines 
include starting enoxaparin 30 mg subcutane-
ously every 12 hours (or its equivalent) as 
soon as possible after injury.251

Table 14.4 Undersea and Hyperbaric Medical Society Summary Guidelines for Adjunctive 
Therapy

AGE (NO SIG-
NIFICANT INERT 
GAS LOAD)

DCS: PAIN 
ONLY, 
MILD

DCS: NEU-
ROLOGICAL

DCS: CHOKES DCS WITH LEG 
IMMOBILITY 
(DVT PROPHY-
LAXIS)

Aspirin 2B(C) 2B(C) 2B(C) 2B(C)
NSAIDs 2B(C) 2B(B) 2B(B) 2B(C)
Surface O2 1(C) 1(C) 1(C) 1(C)
Anticoagulants, 
thrombolytics, 
IIB/IIIA agents

2B(C) 3(C) 2B(C) 2B(C) 1(A)

Corticosteroids 3(C) 3(C) 3(C) 3(C)
Lidocaine 2A(B) 3(C) 2B(C) 3(C)
Fluid
 D5W 3(C) 3(C) 3(C) 3(C)
 LR/crystalloid 2B(C) 1(C) 1(C) 2B(C)
 Colloid 2B(C) 1(C) 1(C) 2B(C)

Class of evidence is shown (level of evidence in parentheses).
The American Heart Association classifi cation is used:
Class 1: Conditions for which there is evidence and/or general agreement that a given procedure or treatment is useful and effective.
Class 2: Conditions for which there is confl icting evidence and/or a divergence of opinion about the usefulness/effi cacy of a procedure or treatment.
Class 2A: Weight of evidence/opinion is in favor of usefulness/effi cacy.
Class 2B: Usefulness/effi cacy is less well established by evidence/opinion.
Class 3: Conditions for which there is evidence and/or general agreement that the procedure/treatment is not useful/effective and in some cases may be harmful.
Level of evidence A: Data derived from multiple randomized, clinical trials.
Level of evidence B: Data derived from a single randomized trial or nonrandomized studies.
Level of evidence C: Consensus opinion of experts.
AGE, arterial gas embolism; DCS, decompression sickness; DVT, deep venous thrombosis; NSAID, nonsteroidal anti-infl ammatory drug.
From Moon RE (ed): Adjunctive Therapy for Decompression Illness. Kensington, MD, Undersea and Hyperbaric Medical Society, 2003, by permission. 
Additional details are in the full report and are also available via the Internet at: www.uhms.org.
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Lidocaine

Lidocaine, a local anesthetic and class 1B anti-
arrhythmic agent, has several pharmacologic 
effects in the injured brain, including decel-
eration of ischemic ion fl uxes, reduction of 
excitotoxic amino acid release and cerebral 
metabolic rate for oxygen, inhibition of leuko-
cyte adherence and migration, and reduction 
of intracranial pressure in the injured brain.252 
Lidocaine has been shown to reduce brain 
dysfunction after air embolism in cats when 
given prophylactically253 and to accelerate 
recovery of brain function in air-embolized 
cats254 and dogs148 when given therapeuti-
cally. After AGE in animals, lidocaine has an 
ameliorative effect in addition to that of hy-
perbaric oxygen.148,255 Case reports support 
the use of lidocaine in human DCS and 
AGE.256–259

No randomized studies of lidocaine have 
been performed in human DCI. However, in a 
model of cerebral gas embolism (open-heart 
surgery), a blinded, randomized study demon-
strated that a perioperative lidocaine infusion 
for 48 hours after anesthesia induction im-
proved neurocognitive outcome at 10 days, 
10 weeks, and 6 months after surgery.260 
Improved outcome 9 days after coronary by-
pass grafting was achieved in another study 
using a lidocaine infusion limited to the intra-
operative period.261

If lidocaine is to be used clinically for adjunc-
tive treatment of DCI, an appropriate end point 
is attainment of a standard therapeutic antiar-
rhythmic concentration (2–6 mg/L or �g/mL). 
Therapeutic serum concentrations can typi-
cally be attained by an initial IV bolus dose of 
1 mg/kg, then subsequent boluses of 0.5 mg/kg 
every 10 minutes to a total of 3 mg/kg, while 
infusing continuously at 2 to 4 mg/min. Use of 
more than 400 mg within the fi rst hour could 
be associated with major side effects unless the 
patient is continuously monitored in a medical 
unit with the appropriate facilities and person-
nel. In the fi eld, intramuscular administration of 
4 to 5 mg/kg will typically produce a therapeu-
tic plasma concentration 15 minutes after dos-
ing, lasting for around 90 minutes. Use of lido-
caine infusions commonly produces perioral 

paresthesias and ataxia. Seizures can also occur. 
Therefore, prolonged infusion is best performed 
while the patient is in an intensely monitored 
environment.

Blood Glucose Control

Injuries to the central nervous system are wors-
ened by hyperglycemia, probably because of 
increased lactate production and the resulting 
intracellular acidosis.262 Evidence in ani-
mals232,263 and humans264 suggests that the del-
eterious effect of hyperglycemia is signifi cant 
above a plasma glucose of about 200 mg/dL 
(11 mM/L). Administration of even small 
amounts of IV glucose may worsen neurologic 
outcome, even in the absence of signifi cant 
hyperglycemia.231 Therefore, unless treating 
hypoglycemia, it is advisable to avoid adminis-
tering glucose-containing IV solutions. In the 
presence of CNS injury, whenever possible, 
plasma glucose should be measured and hyper-
glycemia treated.262

Temperature Control

Mild reductions in body temperature amelio-
rate CNS injury, and hyperpyrexia worsens 
it.265 It is recommended that simple measures 
be implemented to avoid hyperthermia, by 
avoiding a hot environment and aggressively 
treating fever.

Perfl uorocarbons

Perfl uorocarbon (PFC) emulsions have a high 
solubility for both oxygen and inert gases, thus 
increasing oxygen delivery and providing an in-
ert gas sink. Pretreatment of experimental ani-
mals with PFCs increases their tolerance to both 
AGE266–271 and VGE.272–274 In a canine prepara-
tion, IV PFC administration enhances inert gas 
washout275 and improves outcome in DCS.276–278 
After decompression of dogs from air saturation 
dives, IV PFCs reduce the incidence and severity 
of DCS.279,280 If an approved PFC emulsion is 
released onto the market, it is likely that it will 
play a role in the treatment of DCI.

              



310 Section IV Indications

Management of Blood Gases

Animal models of AGE have revealed signifi -
cant increase of ICP and depression of cere-
bral PO2.281 In a pig model, hyperventilation 
failed to correct these parameters.282–284 
Therefore, in ventilated patients with severe 
AGE, it is recommended that arterial PCO2 be 
maintained within the reference range.

FOLLOW-UP EVALUATION 
AND RETURN TO DIVING

Even when there are residual symptoms, long-
term outcome of DCI is good. In a series of 
69 paralyzed divers followed several months af-
ter treatment, half were asymptomatic and only 
one third had manifestations that interfered 
with activities of daily living.285 Figure 14.20 
shows the outcome over 12 months of 348 rec-
reational divers with DCI.

With regard to returning to diving, most 
clinicians agree on the following principles209:

• Symptoms and signs of DCI should 
largely have resolved by the completion 
of treatment.

• At the time of review (at least 4 weeks 
after the incident for neurological DCS), 
the diver should have no evidence of 
neurologic sequelae.

• There should not be any other identifi -
able risk factors for DCI.

Pulmonary Barotrauma

Before advising a diver that a return to diving 
after PBT is safe, an explanation should be dili-
gently sought. Many patients do not have an 
identifi able predisposition,239,286 although re-
cent data suggest that a high proportion of 
divers have lung abnormalities detectable by 
computerized tomography.287,288 The patient 
should be questioned about any history of 
rapid or uncontrolled decompression, breath-
holding, recent respiratory tract infection, or 
other respiratory illness. A chest radiograph 

may show apical bullae or parenchymal scar-
ring,289 but is usually normal.104 Computed 
tomography of the chest is the most sensitive 
method of excluding bullae.290 High-resolution 
computerized tomography chest scans are of-
ten abnormal in divers who have normal clini-
cal fi ndings and spirometry.287–289,291 Low pul-
monary compliance and high recoil pressure 
have been observed in divers with a history of 
PBT.292,293 Lower expiratory fl ow rates at 50% 
and 25% of vital capacity have been observed 
in divers after PBT.294 In both studies, there was 
considerable overlap between patients and 
control subjects, and it is quite possible that 
these fi ndings are the result rather than the 
cause of the PBT. Spirometry may indicate ob-
structive disease that could predispose to 
asthma. If spirometry is normal, repeat testing 
after exercise with dry gas can reveal airway 
hyper-responsiveness295 and can indicate previ-
ously undiagnosed asthma, which can predis-
pose to PBT.296,297

Decompression Sickness

Fitness to resume diving after DCS is governed 
by two issues: (1) propensity for recurrence 
and (2) the effects of cumulative damage 
caused by a new episode of DCS. Divers may 
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Figure 14.20 TWELVE-MONTH OUTCOME OF 
348 CASES OF DECOMPRESSION ILLNESS IN 
RECREATIONAL DIVERS REPORTED TO THE DIVERS 
ALERT NETWORK IN 2002. (Redrawn from Divers Alert 
Network Report on Decompression Illness, Diving Fatali-
ties and Project Dive Exploration: 2004 Edition. Durham, 
NC, Divers Alert Network, 2004, p 73, by permission.)
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 5. Bassett-Smith PW: Diver’s paralysis. Lancet 1:309–
310, 1892.

 6. Blick G: Notes on diver’s paralysis. Br Med J 2:1796–
1799, 1909.

 7. Bendrick GA, Ainscough MJ, Pilmanis AA, et al: Prevalence 
of decompression sickness among U-2 pilots. Aviat Space 
Environ Med 67:199–206, 1996.

 8. Cowell SA, Stocks JM, Evans DG, et al: The exercise 
and environmental physiology of extravehicular activ-
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222:251–252, 1969.
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44:259–261, 1945.
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high altitude decompression sickness. In: Fulton JF (ed): 
Decompression Sickness. Philadelphia, WB Saunders, 
1951, pp 4–52.

 22. Spencer MP: Decompression limits for compressed air 
determined by ultrasonically detected bubbles. J Appl 
Physiol 40:229–235, 1976.

 23. Dunford RG, Vann RD, Gerth WA, et al: The incidence 
of venous gas emboli in recreational diving. Undersea 
Hyperb Med 29:247–259, 2002.

 24. Lee YC, Wu YC, Gerth WA, et al: Absence of intravascu-
lar bubble nucleation in dead rats. Undersea Hyperb 
Med 20:289–296, 1993.

 25. Wilmshurst PT, Ellis PT, Jenkins BS: Paradoxical gas 
embolism in a scuba diver with an atrial septal defect. 
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be more likely to suffer recurrences caused by 
habitual use of provocative depth–time expo-
sures and conditions or by individual physio-
logic predisposing factors. Speculation also 
exists that DCS is more likely to occur in tis-
sue damaged by a prior episode, although 
supporting evidence is anecdotal.

Risk may be reduced if the diver uses more 
conservative dive profi les (e.g., shorter bottom 
times, shallower depths, or both).298 Few iden-
tifi able individual predisposing factors have 
been described. Testing for a PFO is not gener-
ally of use unless the following conditions are 
present: (1) the preceding depth–time profi les 
are likely to have been associated with 
VGEs, and (2) the signs and symptoms are 
severe (i.e., include motor weakness, vertigo, 
ataxia, or cortical involvement). Any major 
atrial septal defect is a contraindication to div-
ing.25 A PFO that requires a Valsalva maneuver 
to demonstrate it is of uncertain signifi cance. 
Using occluder devices to close PFOs in divers 
for the purpose of reducing DCS299 has not yet 
been validated.300

PBT and AGE can predispose to DCS; thus, 
an episode of unexpected neurologic DCS 
should prompt at least a clinical search (by 
history and physical examination) for causes 
of PBT. Most physiologic predisposing factors 
are presumptive and are suggested by several 
DCS episodes caused by few dives or severity 
disproportionate to the profi le.

Inner ear DCS can become asymptomatic 
even when there is residual damage. There-
fore, during evaluation of divers after inner 
ear DCS, audiometry and electronystagmogra-
phy should be performed, even in the absence 
of residual symptoms.129
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Recent investigations have demonstrated 
that carbon monoxide (CO) plays a role in 
normal physiology and has complex effects 
on metabolism and infl ammatory responses. 
These observations hint at the complexity of 
pathophysiologic responses from CO expo-
sure. Mechanisms associated with hyperbaric 
oxygen therapy (HBOT) are similarly com-
plex, and several actions of HBOT have been 
demonstrated to antagonize or counter ad-
verse effects related to CO poisoning.

Environmental CO contamination from in-
complete combustion of carbon-containing 
substances presents a major public health 
challenge. Many poisonings could be avoided 
simply by improved communication of its dan-
gers. This is an international problem, and CO 
may be responsible for more than half of all 
fatal poisonings.1–3 Up-to-date data are diffi cult 
to obtain, particularly from developing coun-
tries.4 Continuous surveillance is performed 
by monitoring all patients hospitalized in some 
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regions2,5; however, individuals experiencing 
CO poisoning are often unaware of their expo-
sure because symptoms are nonspecifi c and 
mimic those of other illnesses. This contrib-
utes to misdiagnosis of a signifi cant number of 
cases by medical professionals.6–13 When nor-
malized to regional population densities, fatal-
ity rates appear to be approximately 0.5 to 
1 per 100,000 people.2,14–23 The incidence of 
morbidity from CO is greater than the risk for 
dying and presents even greater challenges to 
clinical management.

PATHOPHYSIOLOGY

Synopsis of Pathophysiology

The overview in Figure 15.1 highlights com-
ponents of CO pathophysiology that are dis-
cussed in detail in the following sections. CO 
enters the body via the lungs, where it inter-
acts with blood elements. In erythrocytes, CO 
binds to hemoglobin to generate carboxyhe-
moglobin (COHb). COHb can cause hypoxic 
stress, and it distributes CO to tissues through-
out the body. CO binds to hemoproteins in 
tissues, the most important of which is cyto-
chrome oxidase. This action can mediate mito-
chondrial dysfunction with impairments of 
adenosine triphosphate synthesis and exces-
sive production of reactive O2 species. Con-
currently, platelet-neutrophil aggregation/acti-
vation occurs and mediates a separate pathway 
that leads to tissue damage. Injuries to the 
heart and brain are a combination of hypoxic/
ischemic stress, perivascular damage, and ex-
citotoxicity.

Primary Effects

Hemoglobin Binding

Toxic effects of CO arise after it gains entry to 
the body via the lungs. Hence, the most impor-
tant event in CO pathophysiology is hemoglo-
bin binding. Claude Bernard24 and John 
Haldane25 described the hypoxic effects of CO. 
CO has a high affi nity for binding to hemopro-
teins, and deleterious effects can occur because 

of impaired O2 delivery. The affi nity of CO for 
hemoglobin is more than 200-fold greater than 
that of O2, and formation of COHb is well rec-
ognized as an effect of CO exposure.26 Pulmo-
nary CO uptake and the variables that infl uence 
the body store of CO and COHb level can be 
estimated using mathematical models such as 
the Coburn–Forster–Kane equation (Fig. 15.2).27 
Accurate estimations of CO uptake and distri-
bution require knowledge of 13 parameters 
(Table 15.1); therefore, clinical utilization of 
relations such as the Coburn–Forster–Kane 
equation is fraught with uncertainty.

CO elimination displays an exponential re-
lation.28–31 Elimination from the body occurs 
via diffusion across the pulmonary alveolar 
capillary membrane, and a small amount is 
directly oxidized to CO2. The same physiologic 
variables that infl uence CO uptake in the 
body also infl uence its elimination.

Administration of supplemental O2 is the 
cornerstone of treatment for CO poisoning. 
Oxygen inhalation will hasten dissociation of 
CO from hemoglobin, as well as provide en-
hanced tissue oxygenation. Reasonable agree-
ment exists among studies in humans as to 
the mean COHb half-life (t1/2), but the values 
measured in individuals vary widely.28–34 This 
is presumably due to the complex kinetics 
and differences in variables that infl uence CO 
elimination (see Table 15.1). Although not 
proven, authors have also speculated that the 
pattern of CO exposure (e.g., whether brief or 
prolonged, continuous or discontinuous) may 
contribute to the variability observed in clini-
cal situations.29,34–36

The mean COHb t1/2 among a group of 
sedentary human volunteers breathing air 
was reported to be 320 minutes, but the 
range was 128 to 409 minutes.29 In patients 
breathing 100% high-fl ow O2 by mask, Bur-
ney and colleageus32 reported that the mean 
COHb t1/2 was 137 minutes, and Myers and 
coworkers34 found the mean COHb t1/2 to be 
130.5 minutes. Among the 19 individuals 
studied by Myers’ group, the range of COHb 
t1/2 was 27 to 464 minutes (between 21% and 
357% of the mean).34 Weaver and colleagues31 
studied 93 patients treated with 100% O2 and 
found a somewhat lower mean COHb t1/2 of 
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Figure 15.1 Schematic of mechanisms for carbon monoxide (CO)–mediated injuries. Overview on steps that lead 
to cardiac and brain injuries based on current data. CO causes three concurrent events after its inhalation. It has 
effects on erythrocyte (red blood cell [RBC]) hemoglobin, circulating platelets, and neutrophils (PMNs). These events 
mediate cardiac dysfunction and activation of N-methyl-D-aspartate (NMDA) excitatory neurons in the brain. CO rap-
idly binds to RBC hemoglobin and thus gains entry to the circulation. Hypoxic stress from carboxyhemoglobin (COHb) 
impairs O2 delivery, which has an adverse effect on all organs. As brain and heart have the greatest aerobic require-
ments, they are the fi rst to exhibit dysfunction. Hypoxic stress can cause cardiac injuries and also mediate neuronal 
loss. Activation of platelets by CO leads to PMN aggregation and degranulation. Myeloperoxidase (MPO) is released to 
the plasma. Concurrently, activation of NMDA neurons by CO causes neuronal nitric oxide synthase (nNOS) activation, 
which increases brain nitrite concentration. Endothelium in brain is subjected to oxidative/nitrosative stress by adher-
ent MPO (deposited after PMN degranulation) acting on the increased concentration of nitrite, and this is refl ected by 
nitrotyrosine production. Endothelial cells are activated by MPO-mediated oxidative stress, and they synthesize and 
express adhesion molecules to which PMN attach. The adherent PMNs release proteases that act on xanthine 
dehydrogenase. Xanthine oxidase is generated by protease attack on xanthine dehydrogenase, and xanthine oxidase 
activity generates oxidants that cause brain lipid peroxidation. Adducts form between lipid peroxidation products and 
myelin basic protein, and render myelin basic protein immunogenic. Lymphocytes are primed because of the altered 
myelin basic protein and initiate an immunologic response in brain that, in turn, involves activated microglia; learning 
defi cits result from these events. H202, hydrogen peroxide; HIF-1�, hypoxia inducible factor-1�.

74 minutes, with a range from 26 to 148 min-
utes.31 The reduction of COHb t1/2 by O2 has 
historical importance to the fi eld of hyper-
baric medicine because the notion of hasten-
ing COHb removal was the initial impetus for 
considering HBOT in severe poisonings. The 
mean COHb t1/2 decreases to approximately 

23 minutes when O2 is breathed at 3 atmo-
spheres absolute (ATA).28

Venous O2 partial pressure is a useful ap-
proximation of mean tissue O2 tension under 
normal physiologic conditions.37 When CO 
occupies hemoglobin binding sites for O2, 
the arterial oxygen content is reduced. CO 
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binding also infl uences the sigmoidal shape 
of the oxyhemoglobin dissociation curve, 
interfering with the release of O2 to the tis-
sues. The “left” shift of the oxyhemoglobin 
dissociation curve results in an exaggerated 
decline in venous O2 partial pressure.38 This 
decreases the amount of O2 available to tis-
sues so that O2 tension may be much lower 
than suggested by the venous O2 partial pres-
sure during CO poisoning. Partial compen-
sation for the hypoxic stress occurs by 
increases in microcirculatory blood fl ow.39,40

Decreases in venous O2 partial pressure 
have been measured in the brain in response 
to experimental CO poisoning.41–44 Similar de-
creases in venous O2 tension in animals sub-

jected to CO exposure, hypoxic hypoxia, and 
anemia have led some investigators to con-
clude that CO effects are due solely to impair-
ments of O2 delivery to tissues (e.g., decreases 
on arterial O2 content and shift of the oxyhe-
moglobin dissociation curve).41–45 This per-
spective does not take into consideration fi nd-
ings such as modifi cations in tissue blood fl ow 
or the unique effects of CO on intracellular 
metabolism. When functions other than 
metabolism are assayed, experimental investi-
gations have noted that pathologic effects can-
not be explained by tissue hypoxia from 
COHb.46–49 Vasodilation was recently docu-
mented in human retinal and choroidal vessels 
associated with breathing CO suffi cient to 
establish a COHb of approximately 9%.50

Carbon Monoxide–Nitric Oxide–Oxygen 
Competition

Once CO gains access to body tissues, it can 
interact with a variety of hemoproteins. Intra-
cellular hemoprotein functions are infl uenced 
by the partial pressures of the various ligands: 
O2, CO, and the free radical nitric oxide (·NO). 
These gases bind competitively to hemopro-
teins, thus their effects depend on relative 
concentrations. This is clinically important 
because pathophysiologic events can arise 
because of disturbances in the balance among 
the ligands, which allows the emergence of 
alternative reactions. In addition to exogenous 
sources, CO is also produced in vivo by heme 
oxygenase enzymes. Production of ·NO in 
vivo is mediated by a family of ·NO synthase 

exp(-tA/VbB) = A [COHb]t  – BVco  – Plco/A [COHb]o  – BVco  – Plco

 where:  A = PcO2 /M [HbO2]

  B = 1/DLco + PL/Va

Figure 15.2 Coburn–Forster–Kane equation. Units for partial pressures of gases are measured in millimeters of 
mercury (mm Hg). [COHb]0, carboxyhemoglobin in milliliters of carbon monoxide (CO) per milliliters of blood 
before exposure; [COHb]t, milliliters of CO per milliliters of blood at time t after exposure; DLCO, diffusing capacity 
of the lungs for CO in milliliters per minute per millimeter of mercury; [HbO2], oxyhemoglobin as milliliters of O2 
per milliliters of blood; M, equilibrium constant for reaction of CO with oxyhemoglobin; PcO2, average partial 
pressure of O2 in lung capillaries; PICO, partial pressure of CO in inhaled air; PL, barometric pressure minus vapor 
pressure of water at body temperature; t, exposure duration; V̇a, alveolar ventilation rate per minute; Vb, blood 
volume in milliliters; V̇CO, rate of endogenous CO production.

Table 15.1 Variables Associated 
with Carbon Monoxide 
Uptake and Elimination

1. CO concentration in the breathing gas and its relation to 
partial pressure of oxygen, carbon dioxide, and nitrogen

2. Density of gas mixture breathed
3. Temperature and humidity of the gas breathed
4. Alveolar ventilation
5. Alveolar-pulmonary gradient for CO
6. Cardiac output
7. Pulmonary diffusing capacity for CO
8. Speed of reaction of CO with hemoglobin
9. Quantity and speed of fl ow of blood in the lung capillaries

10. Hemoglobin and hematocrit values
11. Rate of endogenous CO production
12. Metabolic CO consumption
13. Rate of elimination of CO

CO, carbon monoxide.
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(NOS) isozymes, and ·NO is involved with a 
wide range of cell-cell communication and 
metabolic activities.

Experimental evidence has shown that CO 
will disturb the association between ·NO and 
hemoproteins. CO increases the steady-state 
concentration of ·NO in, and around, both 
platelets and endothelial cells.51–53 Electron 
paramagnetic resonance spectroscopy has 
provided direct evidence that exposure to CO 
increases the concentration of ·NO in vivo.54,55 
CO does not directly increase activity of NOS 
enzymes, and CO also does not increase NOS 
protein concentration in tissues of CO-
exposed animals at a time when they exhibit 
increased ·NO levels.51–57 In fact, CO partially 
inhibits NOS activity in animals exposed to 
3000 parts per million (ppm; COHb levels of 
approximately 50%).51 It appears that CO 
increases the steady-state level of ·NO because 
it competes for intracellular sites that nor-
mally would bind ·NO.

Whereas CO has weaker affi nity for many 
hemoproteins compared with ·NO or O2, two 
chemical parameters are involved with hemo-
protein binding: the association and the disso-
ciation rate constants. CO exhibits a relatively 
slow dissociation constant for many proteins, 
and this has an important infl uence on overall 
kinetics. Moreover, the relative concentrations 
of the various ligands are often underappreci-
ated. Published values for myoglobin are used 
in this chapter to illustrate the potential for 
effects from even a relatively low concentra-
tion of environmental CO (Table 15.2).58

When the competition between ·NO and 
CO is considered, the calculated equilibrium 
constant favors ·NO over CO by a factor of 104 
when concentrations of CO and ·NO are equal 
(e.g., ·NO: 1.7 � 107/1.2 � 10�4 � 1.4 � 1011; 

CO: 0.5 � 106/1.9 � 10�2 � 2.6 � 107). Under 
normal physiologic circumstances, it is diffi -
cult to predict which ligand may have greater 
concentration: ·NO because of the activities of 
the NOS enzymes, or CO because of the ac-
tivities of heme oxygenase enzymes. Exoge-
nous CO will, however, have a major impact 
on this balance. Coburn59 demonstrated that a 
predictable relation exists between the tissue 
concentration of CO and blood COHb up to a 
level of 50%. At a COHb of 7%, the extravascu-
lar fl uid CO concentration should be approxi-
mately 22 � 10�9 M.59,60 Because CO is freely 
soluble, a similar concentration is expected to 
occur inside cells. The rate of ·NO production 
by endothelial cells (taken as an example be-
cause these cells are physically close to deliv-
ered CO from the blood) has been estimated 
to be 1.1 � 10�18 M/cell/min.61 Therefore, 
even in a situation where there is a relatively 
low COHb, the CO concentration may be as 
much as 109 greater than the concentration of 
·NO. Therefore, competition is quite feasible.

Perivascular Oxidative Changes

Platelet-neutrophil aggregates and intravascu-
lar neutrophil activation occur in association 
with CO poisoning by an ·NO-dependent 
mechanism, as illustrated in Figure 15.3.62 Be-
cause CO does not augment NOS activity, these 
events appear to be a consequence of the com-
petition between CO and ·NO.51,61 It is well 
known that ·NO can inhibit platelet-platelet 
(homotypic) adhesion events, but more com-
plicated interactions occur when con sidering 
platelet-neutrophil interactions.63–65 When acti-
vated platelets synthesize ·NO or when plate-
lets are artifi cially loaded with ·NO-donating 
compounds, platelet-neutrophil interactions 

Table 15.2 Rate Constants for Different Gaseous Ligands with Myoglobin

GAS ASSOCIATION RATE CONSTANT (M�1 SEC�1) DISSOCIATION RATE CONSTANT (SEC�1)

·NO  17 � 106 1.2 � 10�4

CO 0.5 � 106 1.9 � 10�2

O2 14 � 106 12

CO, carbon monoxide; ·NO, nitric oxide.
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are stimulated.66 This occurs because the liber-
ated ·NO reacts with superoxide anions (O2�·) 
generated by nearby neutrophils in the blood 
to produce the potent oxidizing and nitrating 
agent peroxynitrite (ONOO�). ONOO� will 
activate platelet adhesion molecules, and this 
leads to platelet-neutrophil aggregation.67 This 
situation is quite close to the effects mediated 
by CO exposure, because CO increases the 
·NO fl ux from platelets. Platelet-neutrophil 
aggregates are found in CO-poisoned animals 
and in patients.62

Once a physical linkage between platelets 
and neutrophils is established, neutrophils ex-
hibit a marked increase in oxidative burst and 
synthesis of additional reactive ·NO-derived 
species.68 For neutrophils to degranulate they 
must adhere to a surface, typically to platelets 
or endothelial cells.69 Primary granules contain 
elastase, myeloperoxidase (MPO), and lipases. 
Secondary and tertiary granules contain a num-
ber of metalloproteinases, and tertiary granules 
contain preformed �2 integrins that facilitate 

prolonged adhesion when mobilized to the 
cell surface. Peroxynitrite can stimulate �2 inte-
grin expression, but it will not stimulate pri-
mary granule release unless neutrophils are 
adherent to either endothelium or platelets.68 
Once released, MPO can interact with surface 
�2 integrins to cause an autoactivation pro-
cess.70 Thus, if circulating neutrophils bind 
with platelets and are activated by substances 
such as ONOO�, they will degranulate, which 
may trigger an autoactivation loop.

The interactions between platelets and neu-
trophils triggered by CO exposure mediate 
secondary neutrophil activation with intravas-
cular neutrophil degranulation. MPO levels 
from neutrophil primary granules are signifi -
cantly increased in plasma of animals and 
patients with CO poisoning.62 In animals, the 
released MPO can be shown to accumulate 
along the vascular wall.62 MPO will bind to 
endothelial cell glycosaminoglycans and can 
be transcytosed to accumulate in the subendo-
thelial matrix.71 Once there, MPO catalyzes the 
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Figure 15.3 Schematic illustrating the carbon monoxide (CO)–mediated intravascular neutrophil activation. (1) CO 
binds to platelet hemoproteins and the resulting competition with intraplatelet nitric oxide (·NO) increases the fl ux of 
·NO that diffuses from platelets. (2) Platelet-derived ·NO reacts with neutrophil derived O2�·, creating reactive spe-
cies that activate platelets. (3) The result is formation of platelet-neutrophil aggregates. (4) Ongoing interactions be-
tween reactive products and adhesion molecules of platelets and neutrophils (large arrows) cause fi rm aggregation 
and stimulate intravascular neutrophil degranulation and release of myeloperoxidase (MPO) into the bloodstream. 
(5) MPO from neutrophils is deposited along the vascular lining and some is transcytosed to the subendothelial 
matrix. (6) Products from MPO-mediated reactions cause endothelial cell activation that facilitates fi rm adhesion 
between neutrophils and the vascular lining, and further neutrophil degranulation. (Reprinted from Thom SR, 
Bhopale VM, Han ST, et al: Intravascular neutrophil activation due to carbon monoxide poisoning. 
Am J Respir Crit Care Med 174:1239–1248, 2006, by permission.)
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reaction between nitrite (the major oxidation 
product of ·NO) and H2O2 to form nitrogen 
dioxide (·NO2), which will cause endothelial 
cell oxidative stress. This is manifested by 
nitration of protein tyrosine residues and 
E-selectin expression.72–76

Animals exposed to even modest levels of 
CO (�50–100 ppm; COHb levels of 4.8–10.6%) 
exhibit perivascular nitrotyrosine and a capil-
lary leak in aorta, lung, skeletal muscle, and 
brain.54–56 CO poisoning also causes oxidation 
of proteins in mitochondria, plasma, and brain 
parenchyma.77–80 ·NO-mediated oxidative stress 
is one mechanism for tissue injury by CO, and 
animal studies point to its crucial role for devel-
opment of neurologic injuries.62,80

Mitochondrial Cytochrome Oxidase Binding

Cytochrome c oxidase (CCO), the terminal 
enzyme of the mitochondrial electron trans-
port chain, interacts with all three gaseous 
ligands—O2, ·NO, and CO. Reduction of O2 to 
water is central to adenosine triphosphate 
production by mitochondria. Binding of ·NO 
to CCO inhibits mitochondrial respiration, and 
·NO has been shown to be a physiologic regu-
lator of cellular O2 consumption.81 When cells 
generate excess amounts of ·NO (e.g., after 
infl ammatory [type 2] NOS is induced), 
impairment of mitochondrial function is pro-
found.82–84 Recently, a similar observation was 
made pertaining to CO synthesized by intra-
cellular heme oxygenase. CCO binds CO, but 
much less avidly than ·NO or O2. CO can in-
hibit mitochondrial function, and this becomes 
particularly notable when cells are subjected 
to hypoxic conditions. In this setting, endoge-
nously synthesized CO can reduce cellular 
respiration by as much as 70%.85

Exogenous CO can perturb cellular bioen-
ergetics because it inhibits mitochondrial res-
piration by binding to CCO.86,87 CO binds 
only to the reduced form of CCO, and experi-
mental observations with respiring tissues 
have shown that the CO concentration must 
be 12- to 20-fold greater than that of O2 to 
reduce mitochondrial O2 uptake by 50%.88,89 
Spectrophotometric evidence of CO binding 
to CCO in intact animals can be shown when 

the circulating COHb level is 50% or more, 
but it is diffi cult to detect at lower levels of 
COHb.90 Secondary cytochrome changes that 
occur in response to CO binding by CCO can 
be shown at much lower CO levels in animals 
perfused with fl uorocarbons rather than 
blood.91,92 In contrast with spectrophotomet-
ric methods, if free radical production by the 
mitochondrial electron transport pathway is 
measured as an index for CO binding to CCO, 
effects can be seen at quite low environmen-
tal CO concentrations (�50 ppm) even in 
intact animals.93

In brain, CO binding to mitochondrial he-
moproteins leads to production of reactive 
O2 species in addition to impeding adenos-
ine triphosphate synthesis.87,90,94,95 Energy 
production and mitochondrial function are 
restored after COHb levels decrease, but the 
transient changes appear to contribute to 
neuronal necrotic or apoptotic death.90,96–98 
The chronologic aspects of clinical brain 
injuries are discussed in greater detail later in 
this chapter.

Exposure to CO can also activate some 
protein functions. Anti-infl ammatory and an-
tiapoptotic effects of CO are well described 
in the literature, and they appear to be based 
on activation of several stress-dependent 
protein kinase pathways.99–101 Emerging data 
indicate that cell stress responses are acti-
vated via the fl ux of free radicals generated 
by CO-mediated mitochondrial disturbances. 
Reactive species promote activation and sta-
bilization of hypoxia-inducible factor-1�, 
which regulates genes involved with cell 
proliferation, differentiation, and survival.102 
In animal models, some of these effects are 
described as “protective” because they can 
reduce organ responses to injury. For exam-
ple, exogenously added CO can reduce 
experimental ventilator-associated lung in-
jury based on differences in tumor necrosis 
factor-� elaboration and bronchoalveolar 
lavage cellularity.99 In other trials, CO was 
shown to diminish injuries from shock, post-
operative ileus, organ transplantation, and 
ischemia-reperfusion injuries.103–110 The lev-
els of CO required to initiate these actions 
could result in blood COHb levels as high as 

              



328 Section IV Indications

20%. Therefore, consideration of iatrogenic 
CO administration must be tempered against 
potential organ injuries mediated by alterna-
tive mechanisms, as outlined in Figure 15.1.

Alternative Protein Targets for Carbon 
Monoxide

CO will bind with variable affi nity to a variety 
of heme-containing and also copper-based 
proteins. A detailed discussion of this topic can 
be found in Coburn and Forman’s review.89 
Some cell proteins, such as cytochrome P450, 
exhibit such poor CO binding that an interac-
tion is unlikely to have bearing on pathophysi-
ology. Other proteins exhibit moderate bind-
ing, but whether inhibition of function has a 
pathophysiologic effect is unclear. For example, 
CO binds to myoglobin, a protein involved 
with O2 transport within muscle cells. This has 
been demonstrated in animals exposed to even 
low CO concentrations, but CO inhibition of 
myoglobin has not been found to have adverse 
effects on muscle physiology.59,111

Neurotransmission and Excitotoxicity

Neurotransmission

CO has a physiologic role as a neurotrans-
mitter, and whether exogenous CO related 
to environmental contamination perturbs 
this function is not clear. Neurotransmis-
sion is linked to CO synthesized by the en-
zyme heme oxygenase-2 (HO-2). Both NOS 
and HO-2 are found in neural pathways, so 
there appears to be an overlap. Just as the 
case for NOS/·NO, no storage organelle for 
CO exists. HO-2 activated by phosphoryla-
tion synthesizes CO and neurotransmission 
is the result.112 The protein target for 
HO-2–generated CO appears to be guanyl-
ate cyclase. Neuronal pathways enriched in 
HO-2 are also enriched in guanylate cyclase, 
especially olfactory neuronal tissues.113 
HO-2/CO is also involved in regulating stim-
ulated vasopressin secretion from the hypo-
thalamus, it may play a role in long-term 
potentiation in the hippocampus and supe-

rior cervical ganglion, and peripherally it 
influences intestinal peristalsis.114–116

Excitotoxicity

Increases in excitatory neurotransmitters oc-
cur in the brain during CO poisoning.98,117–119 
Whether this response represents a direct 
effect of CO interacting with neurons or 
is the result of some other process (e.g., 
mitochondrial dysfunction/oxidative stress) 
is unclear. Four types of receptors are acti-
vated by ex citatory amino acids: N-methyl-
D-aspartate (NMDA), metabotropic, D-amino-
3-hydroxy-5-methyl-4-isoxazoleproprionic 
acid, and kainic acid. Glutamate is the major 
excitatory amino acid in mammalian brains, 
and NMDA receptor activation, in particular, 
mediates most excitotoxic neuronal damage.120 
Antagonism of NMDA receptors attenuates 
CO-mediated neuron degeneration in the 
hippocampus and reduces the incidence 
of memory defi ciency.121–124 Toxicity from 
NMDA activation is closely linked to calcium 
mobilization, and prophylactic administration 
of nimodipine, a calcium channel blocker, will 
inhibit CO-mediated neuronal death, learning 
impairment, and hippocampal neuropathol-
ogy.125 NMDA activation triggers an infl ux of 
calcium through both the NMDA channel 
and neuronal L-type calcium channels, which 
stimulates neuronal (type I) NOS.126–128 Pro-
duction of ·NO in response to excessive 
NMDA stimulation has been linked to neuro-
nal injury from CO, and it is lower in knock-
out mice that lack functional genes for neu-
ronal NOS.124

Oxidative stress will increase basal (nonde-
polarized) glutamate release from cortical 
neurons.129 Neuron and astrocyte glutamate 
reuptake transporters are inhibited by reac-
tive oxygen species and peroxynitrite.130,131 
Therefore, oxidative stress as might arise from 
mitochondrial dysfunction or that triggered 
via perivascular CO-mediated events may also 
exacerbate excitotoxicity by diminishing 
reuptake of glutamate. Arachidonic acid that is 
released as part of several neuropathological 
pathways will also inhibit glutamate reuptake, 
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but by a mechanism different from reactive 
oxygen species, so its effect is additive.132

Carbon Monoxide Pathologic 
Cascade

Animal studies have provided evidence for a 
progressive pathologic process, or a cascade of 
events triggered by CO exposure. Figure 15.4 
summarizes the steps identifi ed with CO poi-
soning and shows overlaps among hypoxic/
ischemic, excitotoxic, and immune-mediated 
brain injury.

Intravascular Changes

Events start with CO-mediated alterations in 
circulating blood elements. Erythrocyte COHb, 
platelet activation, and platelet-neutrophil in-
teractions are shown within a box to highlight 
that they occur simultaneously. Processes that 
lead to neutrophil degranulation were dis-
cussed earlier and are shown in Figure 15.3.

Cardiac Dysfunction

The two organs that exhibit the greatest sensi-
tivity to CO are the heart and brain. The com-
mon interpretation for their sensitivity is be-
cause these organs have the greatest need for 
oxidative metabolism. Tissues with high rates 
of O2 utilization are likely to have steep O2 
gradients in the cells, which would facilitate 
mitochondrial CO uptake.133 Once again, how-
ever, injuries appear more complex than 
merely related to hypoxia.46–49 Animals ex-
posed for 90 minutes to modest CO levels 
(250 ppm, where the COHb is on the order of 
11%) exhibit an increase in coronary perfu-
sion pressure and impaired contractility that 
lasts for 48 hours.111 Recent clinical reports 
have described a high incidence of cardiac in-
juries in patients with moderate to severe CO 
poisoning who had normal coronary arter-
ies.134,135 Impaired respiration caused by CCO 
binding is a possible mechanism for the car-
diac insult from CO, although this should not 
persist after removal from the CO environ-

ment. Oxidative stress resulting from free radi-
cal production is yet another possible mecha-
nism, although it has not been demonstrated. 
Insults mediated by platelet-neutrophil inter-
actions offer an alternative possibility, although 
this too is not yet proven. Platelet-neutrophil 
interactions, reduced neutrophil MPO index 
(MPO/cell), and increased intravascular MPO 
levels are linked to a heightened risk for acute 
coronary syndromes.136–138

Cardiac dysfunction when COHb levels are 
severely increased can lead to systemic hypo-
perfusion that will cause ischemic injuries. 
Hypoxic and ischemic stresses can also cause 
neuronal activation.

Neuronal Events

NMDA neurons and neuronal NOS activity are 
required for development of neurologic se-
quelae in animal models of CO poisoning.121,124 
The ·NO synthesized in brain in response to 
CO poisoning leads to greater nitrite levels, and 
perivascular MPO (the result of the platelet-
neutrophil interactions discussed earlier) ap-
pears to focus oxidative stress at the vascular 
lining.54 This may be the reason the brain is 
particularly sensitive to CO poisoning. The two 
processes—perivascular MPO deposition and 
excitotoxicity—appear to be linked because 
thrombocytopenic and neutropenic rats ex-
hibit lower NMDA neuronal activation caused 
by CO poisoning.124 This suggests that early 
intravascular events that lead to perivascular 
deposition of MPO are involved with neuronal 
activation, and this may create a feedback loop 
of progressive free radical production.

Changes at the Vascular Wall

Perivascular oxidative stress as was discussed 
earlier (see Fig. 15.3) leads  to infl ammation. 
MPO is deposited along the microvascula-
ture in the brains of animals with CO poison-
ing and colocalizes with nitrotyrosine.62 
Bands of nitrotyrosine also colocalize with 
adherent neutrophils, suggesting that oxida-
tive stress from MPO stimulates expression 
of endothelial adhesion molecules, which 
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interact with neutrophils.56,61,77 Peroxynitrite 
has been shown to induce P-selectin expres-
sion on endothelial cells and platelets and 
to stimulate endothelial cells to synthesize 
E-selectin.67,139,140 By 45 minutes after experi-
mental CO poisoning, neutrophils adhere 
fi rmly to the vasculature via �2 integ-
rins.51,77,141,142 Concurrent with �2 integrin 
engagement, neutrophils liberate proteases 
such as elastase, as well as oxidizing species. 
In the CO model, neutrophil-derived prote-
ases act on endothelial cell xanthine dehy-
drogenase (XD) and convert it to xanthine 
oxidase (XO).141–143 Several groups have 
shown that a high local concentration of 
elastase in the vicinity of adherent neutro-
phils can convert XD to XO.144,145 In brain, 
XD and XO are largely localized to endothe-
lial cells. XO generates reactive species that 
cause brain lipid peroxidation in response to 
CO poisoning.143 The role of XO was shown 

because lipid peroxidation does not occur 
in rats treated with allopurinol or if they are 
fed a tungsten diet. Although there is no spe-
cifi c XO inhibitor, tungsten feeding inhibits 
molybdenum-containing enzymes such as 
XD and XO, and allopurinol inhibits XD and 
XO (but it can also scavenge reactive nitrogen 
species). The combination of both manipula-
tions offers the most convincing proof of the 
role for XO in CO-mediated pathophysiology.

Lipid Peroxidation and Adaptive 
Immunologic Responses

Aldehydic lipid peroxidation products can re-
act with proteins to render them immuno-
genic.146,147 CO poisoning causes adduct forma-
tion between myelin basic protein (MBP) and 
malonylaldehyde, a reactive product of lipid 
peroxidation. The three-dimensional structure 
of MBP is modifi ed because of CO poisoning 
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Figure 15.4 Schematic of mechanisms for 
carbon monoxide (CO)–mediated injuries. 
Overview on steps that lead to cardiac and 
brain injuries based on current data. CO 
causes three concurrent events after its inha-
lation. It has effects on erythrocyte (red blood 
cell [RBC]) hemoglobin, circulating platelets, 
and neutrophils (PMNs). These events mediate 
cardiac dysfunction and activation of 
N-methyl-D-aspartate (NMDA) excitatory 
neurons in the brain. nNOS, neuronal nitric 
oxide synthase; ·NO, nitric oxide; NO2, nitrite.
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and this triggers an immunologic response.80 
Lymphocytes from CO-poisoned rats (but not 
control rats) proliferate when exposed to MBP, 
and activated microglia increase in brains of 
CO-poisoned rats. Rats made immunologically 
tolerant to MBP before CO poisoning exhibit 
acute biochemical changes in MBP because of 
reactions with lipid peroxidation products, but 
no proliferative lymphocyte response or brain 
microglial activation.80

The consequences of brain infl ammation 
have been extensively studied in infection pro-
cesses, but infl ammation is also believed to 
play a role in the pathogenesis of a variety of 
neurodegenerative disorders.148–152 Infl amma-
tory cells infl ict damage on neighboring cells 
by releasing a variety of cytotoxic molecules 
including reactive oxygen and nitrogen spe-
cies and cytokines. Activated microglia can at-
tack oligodendroglia, and microglial activation 
has been associated with demyelination pro-
cesses. In addition, impaired neuronal progeni-
tor cell activity has been found in response to 
infl ammatory insults.153,154 Activated microglia 
in hippocampus can inhibit both basal and 
insult-induced neurogenesis, which impairs 
learning.151 The birth of new neurons within 
the hippocampal region of the brain continues 
throughout life and correlates closely with 
learning and memory.155,156 CO-poisoned rats 
exhibit a decrement in learning, but this does 
not occur in immunologically tolerant rats or 
in rats in which XO was depleted.80,157 There-
fore, acute CO-mediated lipid peroxidation is 
linked to neuropathology because it precipi-
tates an adaptive immunologic response.

Animal trials may offer insight into some 
clinical observations related to CO poison-
ing. Exposure to CO for protracted periods 
has been suggested to increase risk for suf-
fering neurologic sequelae, although numer-
ous variables may confound the reliability 
of this association (see Treatment section 
later in this chapter).158–160 One experimen-
tal model involves exposure to 1000 ppm 
and then 3000 ppm CO; the sequence of the 
exposures is important. If reversed, so that 
animals are fi rst exposed to 3000 ppm CO 
to cause unconsciousness followed by the 
1000 ppm CO “soak,” then neutrophil adhe-

sion, XO formation, and brain lipid peroxida-
tion do not occur.161 Marked oxidative/nitro-
sative stress occurs during the 3000 ppm 
CO/loss of consciousness component of the 
model because of NMDA neuronal activation 
and ·NO synthesis. It appears that the MPO 
deposits resulting from neutrophil activation 
during the CO “soak” act on the nitrite result-
ing from NMDA activity, and this focuses oxi-
dative stress at the vascular lining. This high-
lights the multicomponent nature of CO 
pathophysiology.

CLINICAL PRESENTATION

Signs and Symptoms

Initial symptoms arising because of CO expo-
sure are subtle and nonspecifi c. With acute 
exposure to high concentrations, patients may 
quickly be rendered unconscious. It is more 
typical, however, for patients to report nonspe-
cifi c symptoms such as headache, nausea, and 
dizziness. Clearly, this presentation mimics many 
ailments, such as a viral syndrome, and may 
delay diagnosis and identifi cation of a source 
of environmental CO contamination.6–13 Al-
though quality and characteristics of headache 
are variable, it is overwhelmingly the most com-
mon manifestation and is reported to occur in 
90% of pateints.32,162

Numerous investigations have reported 
subtle alterations of visual and auditory func-
tion, alertness, task performance, and learning 
with exposures to low levels of CO suffi cient 
to cause no more than 5% to 10% COHb.163–173 
These reports have garnered substantial de-
bate because of questions of reproducibil-
ity.174–176 Some more objective observations, 
such as auditory-evoked potential, suggest 
that low-level CO can have adverse effects on 
higher functions. The mechanism(s) behind 
these effects have not been determined.177

Common physical fi ndings include tachycar-
dia and tachypnea; blood pressure changes are 
variable.159 Patients with underlying coronary 
artery disease may suffer reduced exercise tol-
erance, greater frequencies of premature con-
tractions, and also symptoms of myocardial 
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ischemia even with low COHb levels of 2% 
to 6%.46,178–180 Dysrhythmias, cardiomyopathy, 
myocardial infarctions, and sudden cardiac 
arrest are reported in victims of severe CO 
poisoning.178,181–186 Clinical observations and 
animal trials suggest that acute mortality from 
CO poisoning is probably related to cardiac 
injuries.178,179,183,184 Some of the cardiac dam-
age arises because of hypoxic stress, particu-
larly in patients with underlying coronary 
artery disease, but global dysfunction can be 
seen in those with normal coronary arter-
ies.134,135 Chronic obstructive pulmonary dis-
ease may also decrease exercise tolerance in 
the face of CO exposure.187 A rare physical 
fi nding is cherry red coloration of the skin. It is 
much more common to observe superfi cial 
blisters in dependent areas when patients have 
been lying comatose for a period of time.188,189 
This is likely to be a nonspecifi c fi nding.

Laboratory Testing

Measurement of COHb by spectrophotometry 
is the standard method for confi rming the diag-
nosis of CO exposure. Normal levels in non-
smokers are between 0.2% and 0.85% (because 
of heme oxygenase activity). Smokers often 
have COHb levels of about 4%, and heavy 
smokers may have levels of 10%. When evaluat-
ing neonates, it is important to know that 
absorption characteristics of fetal hemoglobin 
are close to those for COHb and this may cause 
confusion.190 For all patients, clinicians should 
be aware that pulse oximetry is an unreliable 
method for estimating CO exposure because 
most instruments cannot discern the differ-
ence in spectral characteristics between oxy-
hemoglobin and COHb.191

A correlation exists between development 
of symptoms such as headache and dizziness 
and COHb levels on the order of 2% to 
10%.10,11 Unfortunately, no reliable correlation 
exists for more severe signs and symptoms 
and COHb level. Absence of objective mea-
sures for establishing the severity of CO poi-
soning remains among the most troublesome 
aspects of clinical evaluations. Metabolic aci-
dosis, blood lactate, amylase, B-type natriuretic 

peptide, and S100 protein from brain have all 
been examined, but none provides a reliable 
estimation for severity of poisoning.192–195 
Newer tests such as measurements of plasma 
MPO and platelet-neutrophil aggregates have 
not yet been correlated with poisoning sever-
ity or prognosis in prospective trials.62

Because of the risk for cardiac injuries from 
CO poisoning, obtaining an electrocardiogram 
and plasma cardiac markers for injury is pru-
dent. Those who suffer an acute cardiac injury 
have an increased risk for cardiovascular-
related death in the following 10 years.135 A 
chest radiograph also should be part of emer-
gency evaluation. This is an obvious point in 
patients with concurrent smoke inhalation; 
however, pulmonary vascular congestion and 
alveolar infi ltrates can also occur with isolated 
exposures to CO because of compromised 
myocardial function.185,186

Neuroimaging

A large number of clinical reports have docu-
mented brain computed tomography and 
magnetic resonance imaging abnormalities af-
ter CO poisoning. Lesions have been reported 
in globus pallidus, putamen, thalamus, cau-
date, substantia nigra, fornix, hippocampus, 
corpus callosum, and diffusely throughout the 
cortex.196–201 Obviously, neuronal insults me-
diated by CO are not anatomically discrete. 
White matter changes can be found in ap-
proximately one third of patients with severe 
poisoning, and lesions in the centrum semi-
ovale are related to worse cognitive out-
comes.202 Imaging studies from several sources 
suggest that CO neurotoxicity can involve a 
vascular injury. Vascular abnormalities and 
atypical coupling between cerebral blood 
fl ow and neuronal O2 demand have been 
found in CO victims.203–206 The mechanism(s) 
for these changes are unknown, but the fi nd-
ings are consistent with animal experimenta-
tion showing perivascular CO pathophysiol-
ogy, as was discussed earlier. Symptomatic 
recovery from neurologic sequelae may occur 
in approximately 50% of patients over a span 
of 2 years, and there are rare reports that 
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evidence of white matter damage may also 
resolve in these patients.153,207

Neurologic Sequelae

Survivors of CO poisoning are faced with 
potential impairments to cardiac and neuro-
logic function. As discussed earlier, CO poi-
soning can cause an acute compromise in 
cardiac function, and survivors exhibit an 
increased risk for cardiovascular-related 
death in the following 10 years.134,135 With 
regard to neurologic impairments, there is a 
historical precedence for dividing disorders 
into “acute/persistent” and “delayed” forms. 
Some patients exhibit acute abnormalities 
wherein they have an abnormal level of con-
sciousness and/or focal neurologic fi ndings 
from the time of initial presentation and 
never recover. Other patients seem to re-
cover from acute poisoning, but then mani-
fest neurologic or neuropsychiatric abnor-
malities from 2 days to about 5 weeks after 
poisoning. Events that occur after a clear or 
“lucid” interval have been termed “delayed” 
neurologic sequelae (DNS).

Results from animal studies do not provide 
a clear distinction between mechanisms re-
sponsible for “acute/persistent” and “delayed” 
sequelae. Several animal studies indicate that 
“acute/persistent” sequelae arise because of 
neuronal necrotic or apoptotic death, but this 
does not necessarily mean that injuries are 
mediated solely by hypoxia/ischemia versus 
the events linked to excitotoxicity, perivascu-
lar oxidative stress (see Figs. 15.1 and 15.4), or 
as yet unidentifi ed processes.61,80,96,97 More-
over, because they occur concurrently, one 
might expect that pathologic insults for 
“acute/persistent” and “delayed” sequelae 
overlap. Thus, there may be more of a contin-
uum of clinical disorders versus distinctly dif-
ferent syndromes. The current practice of di-
viding neurologic insults based on chronology 
does not necessarily mean that the underlying 
mechanisms are different.

Acute/persistent sequelae cover a broad 
spectrum of abnormalities.153,207–210 Patients 
may present in coma, slowly improve their 

level of consciousness, but never regain their 
former level of neurologic function. Residual 
defi cits can include dementia, psychosis, cho-
rea, apraxias, amnesia and confabulatory syn-
dromes, cortical blindness, incontinence, or 
peripheral neuropathies. Some patients will 
experience development of a Parkinsonian-like 
syndrome, typically 2 or more weeks after re-
covering consciousness. Characteristic symp-
toms of CO-induced Parkinson’s disease in-
clude bradykinesia, but not a resting tremor.210

DNS are characterized clinically by the ap-
pearance of neurologic and/or psychiatric 
symptoms after an asymptomatic time period 
following the acute stage of CO poisoning. 
This chronologic pattern of abnormalities can 
occur after a variety of hypoxic/ischemic inju-
ries such as respiratory arrest, strangling, drug-
induced coma, and seizures.211–213 Whether the 
same mechanism is responsible for all these 
injuries is unknown. Documentation of DNS 
often requires use of neuropsychiatric tests; 
thus, the apparent incidence depends on meth-
ods of detection. Most investigations have 
found DNS in from 10% to 47% of CO poison-
ing survivors.153,214–220 One study reported the 
incidence as 74%, but testing performed in this 
trial could not discern performance decre-
ments from depression.221,222 Because a large 
proportion of patients had attempted suicide, 
the conclusions in this study are suspect.

Delayed sequelae often involve neuropsychi-
atric symptoms such as impaired judgment, poor 
concentration, disorientation, confusion, coma, 
depression, cogwheel rigidity, opisthotonic pos-
turing, extremity fl accidity or spasticity, extensor 
plantar response, and/or a relative indifference 
to obvious neurologic defi cits.153,208,214–219,223,224 
These events can occur despite rapid and appro-
priate emergency care. Delayed sequelae can 
also develop in patients who do not suffer from 
alterations of consciousness during their acute 
poisoning.217–219

TREATMENT

Emergency stabilization of patients should 
follow standard management practices with 
provision of a patent airway and support of 
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circulation. Administration of supplemental 
O2 is the cornerstone of treatment of CO 
poisoning. Oxygen inhalation will hasten dis-
sociation of CO from hemoglobin, as well as 
provide enhanced tissue oxygenation. As dis-
cussed earlier, in primary pathology, HBOT 
causes CO dissociation from hemoglobin to 
occur at a rate greater than that achievable by 
breathing pure O2 at sea-level pressure. In ad-
dition, HBOT, but not ambient pressure O2 
treatment, has several actions demonstrated in 
animal models to be benefi cial in ameliorating 
pathologic events associated with central ner-
vous system injuries. These include an im-
provement in mitochondrial oxidative pro-
cesses,225 inhibition of lipid peroxidation,226 
and impairment of leukocyte adhesion to in-
jured microvasculature.142 Animals poisoned 
with CO and treated with HBOT exhibit more 
rapid improvement in cardiovascular status,227 
lower mortality,228 and lower incidence of im-
mune-mediated neurologic sequelae.229 Hy-
poxic brain injury from CO may be established 
at time of exposure, and in these situations, 
HBOT does not appear to alter outcome.97

Animal studies have demonstrated several 
treatments in addition to hyperbaric oxygen 
(HBO) that may ameliorate CO-mediated inju-
ries. Mortality is reduced by hypothermia treat-
ment.228 Antagonism of NMDA receptors at-
tenuates CO-mediated neuron degeneration in 
the hippocampus and reduces delayed mem-
ory defi ciency.121,124 Nimodipine, a calcium 
channel blocker, also inhibits CO-mediated 
neuronal death, learning impairment, and hip-
pocampal neuropathology.123 The only treat-
ment option that has been investigated in a 
controlled manner in clinical trials is HBOT.

Randomized Clinical Trials 
of Hyperbaric Oxygen Therapy

The clinical effi cacy of HBOT for acute CO poi-
soning has been assessed in fi ve prospective, 
randomized trials published in peer-reviewed 
journals.203,216–218,221 Only one clinical trial satis-
fi es all items deemed to be necessary for the 
highest quality of randomized, controlled tri-
als.230 This study, by Weaver and colleagues,218 

reports a randomized, double-blinded, placebo-
controlled human clinical trial involving 
152 patients. All enrolled patients received 
treatment with either three sessions of HBOT 
or normobaric O2 with sham pressurization to 
maintain blinding. Critically ill patients were 
included, with half of enrolled patients having 
lost consciousness and 8% requiring intubation. 
The follow-up rate was 95%, with assessments 
performed by trained examiners and compared 
with age, sex, and education-controlled norms. 
The defi nition of neurologic sequelae, defi ned a 
priori, was fulfi lled in symptomatic patients by 
an aggregate performance on six neuropsycho-
logical tests that was at least one standard 
deviation below predicted, or by an aggregate 
score of two or more standard deviations 
below expected in asymptomatic individuals. 
At 6 weeks after poisoning, the cognitive 
sequelae rate was 25% in patients treated with 
HBOT compared with 46% of patients treated 
with normobaric oxygen (P � 0.007). When 
adjusted for cerebellar dysfunction and stratifi -
cation, the odds ratio was 0.45 (P � 0.03; 95% 
confi dence interval, 0.129–0.919).

Chronologically, the next most recent trial, 
by Scheinkestel and coworkers,221 reports on 
191 patients treated with continuous O2 by 
face mask for 3 days after CO poisoning with 
daily HBOT. Patients with severe poisoning 
were included, and more than half were coma-
tose. To maintain blinding, patients randomized 
to the non-HBOT group received “sham” pres-
sure treatments. Additional HBOT (up to six 
daily sessions total) was performed in patients 
without neurologic recovery. The primary out-
come measure for this trial was testing per-
formed at completion of treatment (3–6 days), 
not long-term follow-up. This study had a high 
rate of adverse neurologic outcomes in all pa-
tients, regardless of treatment assignment. Neu-
rologic sequelae were reported in 74% of 
HBOT-treated patients and 68% of control 
patients. No other clinical trial has approached 
this degree of neurologic dysfunction. As men-
tioned earlier, the high incidence is likely to 
be related to the assessment tool that could 
not discern true neurologic impairments from 
poor test-taking related to depression.222 
Suicide attempts with CO represented 69% of 
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cases in this trial. Moreover, 54% of patients 
were lost to follow-up. Outcomes at 1 month 
were not reported, but remarks indicated no 
difference. Multiple statistical comparisons 
were reported without apparent planning or 
the requisite statistical correction. Both treat-
ment arms received continuous supplemental 
mask O2 for 3 days between their hyperbaric 
treatments (both true HBOT and “sham”), re-
sulting in greater overall O2 doses than conven-
tional therapy. Flaws in the design and execu-
tion of this study make it impossible to draw 
meaningful conclusions from the data.

Thom and investigators217 report a benefi t 
to HBOT in a study of 65 patients with CO 
poisoning randomized to a single HBO treat-
ment session or mask O2. This was an un-
blinded trial, and patients suffered from mild-
to-moderate poisoning because those with 
loss of consciousness were not included. The 
primary outcome measure was self-reported 
symptoms of neurologic sequelae combined 
with deterioration in at least one of six neuro-
psychological tests occurring during the time 
when new symptoms occurred. Neuropsy-
chological testing was performed in all pa-
tients at 4 weeks after treatment. Sequelae 
were found in 0% (95% confi dence interval, 
0–12%) of the patients who received HBOT 
and 23% (95% confi dence interval, 10–42%) of 
the patients treated with ambient pressure O2. 
All patients with reported neurologic sequelae 
had resolution by 77 days. Limitations in this 
trial were lack of blinding and selection of a 
subgroup of patients likely to have suffered 
less severe poisoning.

A prospective trial by Ducasse and col-
leagues203 randomized 26 patients with acute 
CO poisoning to receive normobaric O2 
(100% oxygen for 6 hours, then 50% oxygen for 
6 hours) or HBOT (2 hours at 2.5 ATA, then 
4 hours of 100% normobaric O2, followed by 
6 hours of 50% normobaric O2).203 Poisoning 
was accompanied by loss of consciousness in 
65% of the patients. Outcome measures in-
cluded symptoms, electroencephalogram, and 
cerebral blood fl ow responses to acetazolamide 
administration. A signifi cant benefi t at 3 weeks 
was seen in the HBOT group (P � 0.02). Limita-
tions of this trial included small size, inadequate 

allocation concealment, and use of surrogate 
outcome measures.

Raphael and colleagues216 studied 343 CO 
poisoning patients without loss of conscious-
ness who were randomized to one HBOT ses-
sion or an equivalent duration of mask O2. This 
was an unblinded trial and the primary out-
come measure was abnormalities noted on 
a symptom questionnaire, supplemented by 
physical and neurological examinations in an 
unspecifi ed number of patients. One month 
after treatment, 32.2% of patients who received 
HBOT and 33.8% of control patients reported 
neurologic symptoms (P � 0.75, not signifi -
cant, �2 test), and 97% of patients in each group 
had resumed their previous occupation. Data 
from this study were republished with addi-
tional subgroup analysis showing no change in 
outcome.231 The study has been criticized for 
using overly broad inclusion criteria, an inade-
quate regimen for HBOT, long treatment delays, 
and weak outcome measures.232,233

In conclusion, published clinical trials span 
a broad range in quality. Effi cacy of HBOT for 
acute CO poisoning is well supported in ani-
mal trials, and studies provide a mechanistic 
basis for treatment. In this era of evidence-
based medicine, a great deal of emphasis is 
placed on systematic reviews. Treatment of 
CO poisoning has undergone a number of 
these reviews, but the analytic fi delity has 
been poor. For example, profound fl aws in 
two successive Cochrane Library Reviews 
have been identifi ed.234

Several recent reports have provided addi-
tional insight into risks for neurologic se-
quelae after CO poisoning and the benefi t of 
HBO. Weaver and coworkers219 reported on a 
cohort of 238 patients and found that inde-
pendent risk factors for development of neu-
rologic sequelae include age of 36 years or 
older, exposure for 24 hours or longer (with 
or without intermittent exposures), and acute 
complaints of memory abnormalities. These 
conclusions were based on univariate analysis, 
but once subjected to multivariate analysis, 
only age of 36 years or older and exposure of 
longer than 24 hours persisted as indepen-
dent risk factors. The only risk factor where 
HBOT demonstrated a reduction in incidence 
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of sequelae was for the group aged 36 years or 
older. The trial was underpowered to reliably 
assess the benefi t of HBOT in those with long-
duration CO exposure, but none of fi ve pa-
tients exposed for 24 hours or longer mani-
fested neurologic sequelae.219

Hopkin and investigators220 have shown that 
HBOT is benefi cial only in reducing neurologic 
sequelae among patients who do not possess 
the apolipoprotein 	4 allele.220 Because geno-
type is typically unknown, this report does not 
provide treatment guidelines, but it will be 
important for future research. It is well estab-
lished that the apolipoprotein genotype can 
have profound effects on risk for a variety of 
neuropathologic events.235–238 Whether apoli-
poprotein 	4 modifi es the primary pathophysi-
ologic insults of CO or mechanisms of HBOT 
is currently unknown.

The preponderance of evidence indicates 
that HBOT signifi cantly reduces the incidence 
of neurologic sequelae. Retrospective compari-
sons indicate that HBOT also diminishes acute 
mortality.239 An assessment as to the length of 
delay from poisoning beyond which there is 
no chance for benefi t from HBOT has not oc-
curred. One trial has remarked that if patients 
incur a cardiac arrest and are resuscitated, 
HBOT does not appear to alter the outcome.240 
This fi nding is consistent with the animal stud-
ies where HBOT reduces immune-mediated 
neurologic injury, but not that mediated by 
hypoxia.97,229 In summary, current results sup-
port use of HBOT to reduce cognitive sequelae 
in victims of CO poisoning who have any of 
the following characteristics: loss of conscious-
ness, exposures for 24 hours or longer, COHb 
of 25% or greater, and age of 36 years or older.

MATERNAL-FETAL CARBON 
MONOXIDE POISONING

Maternal CO poisoning is a special clinical sit-
uation that is often highly emotionally charged 
and therefore deserves additional commen-
tary. Maternal symptoms at the time of expo-
sure more closely predict the risk for associ-
ated fetal morbidity/mortality than COHb, just 
as is the case for the general population.241 

Severe CO poisoning is associated with a 
maternal mortality rate between 19% and 24%, 
and a fetal mortality rate between 36% and 
67%.242 When mother and fetus survive, 
many fetuses subsequently develop somatic 
and neurologic sequelae, including malforma-
tions of limbs, hypotonia and arefl exia, persis-
tent seizures, mental and motor disabilities, 
and microcephaly.243,244

Hypoxic stress related to impaired O2 de-
livery is an obvious component to fetal dis-
tress. Normal fetal arterial partial pressure of 
O2 is low, about 20 versus 100 mm Hg for 
maternal arterial blood. Hence, the fetal O2 
exchange typically occurs near the steep part 
of the oxyhemoglobin dissociation curve. A 
small decline in maternal partial pressure of 
O2 can cause a precipitous decline in fetal 
partial pressure of O2. This physiologic stress 
occurs more quickly than that associated 
with CO binding to fetal proteins. Studies 
with sheep demonstrated that fetal COHb 
does not reach steady state until approxi-
mately 36 to 48 hours, whereas maternal 
COHb reaches steady state in 7 to 8 hours.245 
The second insult related to fetal COHb is a 
disturbance in O2-hemoglobin dissociation 
curve. Binding by CO causes a left shift of the 
curve, which increases the hypoxic stress to 
the fetus. Fetal COHb concentration increases 
more slowly than does maternal COHb, but 
once steady state is reached, the fetal level is 
higher. This is related to the higher affi nity 
fetal hemoglobin has for CO as compared 
with hemoglobin A. The human fetal-maternal 
COHb concentration ratio is 1.1 to 1.0246; that 
is, at steady state, the fetal COHb concentra-
tion will be 10% to 15% greater than maternal 
COHb. Although the slow kinetics may be 
viewed as a protective factor for the fetus, the 
dynamics work in reverse for CO elimination. 
The half-life for fetal COHb is nearly twice 
that for maternal COHb.245 Therefore, a physi-
ologic basis exists for treating CO poisoning 
in pregnant women with ambient pressure 
O2 for longer than the time it takes to register 
negligible maternal COHb. Whether complex 
intravascular processes such as CO-induced 
platelet-neutrophil aggregation occur in the 
fetal circulation is unknown.
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Anecdotal clinical reports suggest that HBOT 
may improve fetal outcome.242,247–252 The only 
experimental study that addresses the effi cacy 
of HBOT for reducing fetal risk from acute CO 
poisoning shows a reduction in spontaneous 
abortion in pregnant rats.253 No signifi cant ex-
tra risks are presented to the fetus or mother 
due to HBOT when following therapeutic pro-
tocols.254,255 The current recommendations for 
use of HBOT in pregnant women are the same 
as those to treat any other patient.

PROLONGED CARBON MONOXIDE 
EXPOSURE

It is intuitive to suggest that longer durations 
of CO exposure should increase risk for injury. 
This association has been supported by some, 
but not all, clinical studies.158,159,216–219,220,256

Epidemiologic investigations suggest that 
CO pollution is a chronic stressor and corre-
lates with hospital admissions among patients 
with underlying cardiovascular disease. Unfor-
tunately, these studies are complex, and nu-
merous confounding variables do not allow 
for an accurate assessment of the incremental 
effect of CO versus, for example, the effect of 
small particulates, or NO2.257–259

A separate but related question is whether 
protracted CO exposure because of indoor 
pollution poses special risk. A number of pub-
lications have addressed the issue of “chronic” 
CO poisoning. On reviewing this literature, 
the fi rst notable fi nding is that there is no 
accepted defi nition. In publications dating to 
the mid-1930s, the effects of prolonged CO 
exposures have been investigated with the 
idea that pathophysiologic effects may arise 
because of repeated or protracted exposure 
to CO of such low concentration that if there 
were only a single short-term exposure 
instance, insignifi cant or possibly no signs/
symptoms may occur.

Animal studies have been performed in ro-
dents, cats, and dogs. Rats and mice exposed to 
50 ppm CO for 3 months to 2 years (continu-
ously) showed no change in body weight or 
hematologic, behavioral, or reproductive char-
acteristics.260 Rats exposed continuously to 

500 ppm CO for 30 or 62 days, achieving 
COHb 40%, demonstrated no pathologic 
changes other than cardiac hypertrophy.261,262 
Supfl e and investigators263,264 found that dogs 
exposed daily to 2000 to 6000 ppm CO for 
15 to 20 weeks were more irritable. Dogs 
exposed to 100 ppm CO for 11 weeks, 5.75 to 
7 hours/day, to achieve COHb levels of ap-
proximately 20%, exhibited electrocardio-
graphic evidence of cardiac injury and neuro-
pathology at 3 months after exposure.265 The 
authors commented that difference between 
histologic changes in acute and chronic CO 
appeared to be purely quantitative. Vestibular 
function studied in cats exposed daily to 
40,000 to 60,000 ppm CO for 1 month was 
found to be unchanged unless blood fl ow was 
disturbed by unilateral carotid ligation.266

Reports describing human exposures to 
prolonged or “chronic” CO fall into two general 
categories: (1) large, carefully documented re-
ports that involve workers exposed to CO daily 
for years, and (2) case reports or small case se-
ries that describe individuals reporting injuries 
after accidental exposures. An exceptionally 
detailed study was reported by Lindgren267 in 
1960 that involved 970 Scandinavian workers 
employed at ironworks, mines, gasworks, or 
automobile repair shops. Findings among the 
970 workers were compared with 432 control 
subjects who were not employed in areas ex-
posed to contamination by CO. Workers had 
been employed in “at-risk” sites for up to 
4 years. The COHb levels of the workers were 
as high as 30%, and measured levels of CO in 
the employment sites ranged from 3.8 to 
887 ppm. Subjects were compared with regard 
to expressed symptoms, neurologic signs, elec-
trocardiogram results, hematologic examina-
tion (hemoglobin/hematocrit), and formal psy-
chometric examinations. The author found no 
higher frequency of abnormalities among the 
CO-exposed workers than control subjects, 
except for reversible headaches thought to 
result from repeated, acute poisonings.

Kruger and coworkers268 studied a group 
of 833 ironworks and gasworks employees 
with COHb values of 0% to more than 10% 
(
80% of all workers had values of �5%). 
The authors found an increased incidence of 
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headache but no permanent or function-
impairing disorders. No measurements of CO 
concentrations were taken in the work envi-
ronments. Komatsu and colleagues269 studied 
153 workers with COHb values between 
0% and 30% who had worked in areas where 
measured CO levels were less than 10 to as 
high as 1370 ppm. They found greater inci-
dence of reversible headaches and some sub-
jective symptoms but concluded that “work-
ers thought themselves to be healthy without 
paying attention to their reversible com-
plaints such as headache and forgetfulness.”

Ely and coworkers270 described an inci-
dent where a group of workers was exposed 
to CO from a propane-powered fork-lift 
truck for 3 months with ambient CO level of 
�386 ppm. Acute symptoms such as head-
ache, dizziness, and diffi culty with concentra-
tion were present in 93% of the 30 cases, and 
30% had self-reported residual defi cits such 
as arm/leg numbness 2 years later. A total of 
13% reported memory loss at 2 years. Formal 
neuropsychological evaluations on these 
cases were not reported.

Beck271,272 described clinical aspects of 
“chronic” CO poisoning in several reports. 
Among those, in a series of 97 patients exposed 
to CO “repeatedly at sublethal doses … over 
prolonged periods” (months to 18 years), symp-
toms were frontal headache, weakness, and 
“functional nervous and mental symptoms.” In 
an earlier report, he noted some cases suffered 
headache and polycythemia. He stated that, for 
most, symptoms resolved in 3 to 4 days, but in 
some, recovery was longer, and he had one 
patient for whom symptoms did not reverse in 
3 years. Kirkpatrick273 reported on 26 patients 
with CO exposures spanning 1 month to 
4 years from home furnaces or automobiles. 
Three patients suffered intervals of uncon-
sciousness, and one patient did not recover 
fully (residual minor diffi culties with balance). 
In all other patients, symptoms resolved on 
removal of the CO source.

There are also reports that focused on more 
unusual ocular or vestibular dysfunction after 
CO exposures. Whether these are truly manifes-
tations of some low-level protracted exposure 
is unclear because similar symptoms can arise 

with more acute poisoning.274–277 Gilbert and 
Glasser278 report, “The prognosis in treated 
cases of chronic CO poisoning is excellent. In 
most, symptoms clear in two weeks, and 95% 
of patients become symptom free within 
3 months.” Grace and Platt described four cases 
of repeated CO exposures over days to weeks 
caused by malfunctioning furnaces. All neuro-
logic signs and symptoms resolved over days 
after removal from CO (including one patient 
who lost consciousness).279 Pavese and col-
leagues280 published a clinical report including 
8 patients with CO exposures from 12 to 
30 days caused by failure of domestic heating 
systems and COHb levels on admission of 
12.5% to 40.8%. One patient presented with 
mutism, masked face, and cognitive impairment, 
and these conditions did not improve. No other 
patients had magnetic resonance imaging ab-
normalities or neurologic sequelae. Webb and 
Vaitkevicius281 described a 73-year-old woman 
with a 4-month period of confusion and head-
ache caused by a faulty heater. All symptoms 
resolved over 5 days after the heater was fi xed. 
Foster and coworkers282 described a 3.5-year-
old girl with admissions at 2 and 3 months of 
age because of respiratory distress, including a 
period of cyanosis with apnea, associated with 
up to 4300 ppm CO in a house with a faulty 
heater. The patient was described as doing well, 
“thriving,” at 6-month follow-up examination. A 
series of six case reports described symptoms 
that resolved after removal from environmental 
CO contamination suspected to have been 
present for 2 to 20 years.283

These reports should not be taken to dem-
onstrate that “chronic” CO exposures pose no 
risk, but rather that current experience does 
not support the notion of additive or synergis-
tic injury results from recurrent or protracted 
exposures. Historical accounts of widespread 
“chronic” CO exposures during World War II 
make note that, for most individuals, symp-
toms resolved with cessation of exposure, but 
not in all cases.284 Untoward outcomes are 
well documented in several reports and case 
series. Ryan285 reported a 48-year-old woman 
exposed to CO at 180 ppm for 3 years who 
suffered headaches, lethargy, memory prob-
lems, and mental confusion. She experienced 
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one episode of near syncope during this 
period and had abnormal psychometric test 
scores when seen 3 months after the faulty 
furnace was replaced. No further long-term 
information was reported for this case. 
Another report involved four individuals with 
�3-day exposures to CO, admission COHb 
levels of 17% to 29%, and no reported loss of 
consciousness. In studies performed 8 years 
after the exposure, the individuals were found 
to have psychiatric, neuropsychological, and 
IQ defi cits thought to be attributable to CO.286 
Another report of seven cases also described 
long-term, seemingly permanent defi cits in 
patients. This report adds the caveat that evalu-
ations can be particularly challenging because 
it may be diffi cult to discern CO-mediated pa-
thology from neuropsychological abnormali-
ties that predated CO poisoning.287

In conclusion, despite extensive effort, little 
evidence has been reported for a syndrome 
related to “chronic” CO poisoning. Some 
patients have sustained permanent injuries 
and manifest persistent defi cits. Evidence is 
lacking, however, to suggest that the injuries 
were caused by an accumulated “insult” result-
ing from an extended CO exposure.
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logic state with variations in human behavior 
that demand meticulous assessment; an array 
of interventions encompassing physiologic to 
social issues; and performing consistent, re-
petitive evaluations. Evidence to support the 
methods of assessment, the types of interven-
tions, and outcome measurement is often scant 
and requires careful judgment for application. 
Technologies for local wound care proliferate 
rapidly and are marketed aggressively, though 
often without compelling evidence. This pro-
fusion of interventions without substantiating 
evidence and a framework for application of 
these interventions within a comprehensive 
plan of care often complicates or diffuses the 
impact of any single intervention including 
hyperbaric oxygen therapy (HBOT).

This chapter proposes a best practices ap-
proach using available evidence to manage 
chronic wounds. The goal is to create a compre-
hensive plan of care and a best practices ap-
proach on the basis of careful evaluation. As as-
pects of wound healing physiology, contributing 
pathophysiology, and interventional technolo-
gies evolve and develop, the opportunities for 
successful intervention increase. Risks also exist, 
however, because given the complex nature of 
chronic wound management, the possibilities of 
unexpected interactions, adverse events, and 
contraindications expand. The correct diagnosis, 
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Care of people who have chronic wounds is a 
complex activity. It requires drawing together 
detailed considerations of a patient’s physio-
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reasonable goals, judicious treatment, and con-
sistent evaluation help to balance these threats 
and improve prospects of success. Assessment, 
intervention, and evaluation of chronic wounds 
are infl uenced by factors such as systemic dis-
ease, localized pathology, malnutrition, the phase 
of wound healing, and the microenvironment 
and macroenvironment of the wound. Patients 
who are engaged in their own care are more 
likely to participate in and understand the thera-
peutic plan for their care. Thus, an evaluation 
should be made regarding a patient’s capacity 
and desire for self-care, the family and commu-
nity support available, and behavior that may 
infl uence nutrition, perfusion, and repeated 
wounding.

CLINICAL APPROACH

Chronic wound management and local wound 
care require a clinical approach that inte-
grates detailed knowledge of pathophysiol-
ogy with a broad understanding of psycho-
logic, behavioral, and social antecedents, as 
well as the ramifi cations of chronic wounds. 
The phrase “wound care” belies the complex-
ity of the problem, and more appropriately 
should be stated as “care of the person with 
the chronic wound.” Tacit omission of the 
person from care that is implied by the 
phrase “wound care,” combined with a singu-
lar focus on the wound itself, overlooks sys-
temic aspects of the problem. Such thinking 
also jeopardizes the likelihood of reaching 
the correct diagnosis, to achieve reasonable 
goals, to provide judicious treatment, and to 
produce consistent evaluations. For example, 
misjudging the capacity of the person to heal 
a chronic wound despite repetitive injury 
from a poorly functioning assistive device or 
uncontrollable pathology generates an unrea-
sonable plan of care that is likely to fail.

Chronic wound management is well framed 
by placing the person with the chronic 
wound—the patient—at the center of care. 
This central position reinforces the patient’s 
rights and responsibilities and optimizes inter-
actions among the patient and the interdisci-
plinary team members. With the patient and 

not the wound centrally placed, comprehen-
sive assessment, intervention, and evaluation 
strategies emerge. Discrete elements in the 
plan of care can then be created and linked to 
one another. Possible interactions among inter-
ventions, contraindications, pharmaceuticals, 
required devices, and settings necessary for the 
implementation of a care plan may then be 
more easily identifi ed. Unexpected and relative 
contraindications occur often during care. 
Complications that must be considered include 
the physical visibility of the wound, pain, psy-
chologic discomfort, impact on quality of daily 
life, and the human and fi nancial resources 
required for the wound care plan. Finally, with 
care centered on the patient and not solely on 
the wound itself, the interdisciplinary team and 
the contributions of each team member may 
be delineated and relationships to the patient 
and other providers specifi ed.

The complex and intricate nature of chronic 
wound care is best managed by an interdisci-
plinary team.1 The nature of the team and its 
members are varied. Interdisciplinary teams 
must match the needs of the patient population 
with the dynamics, culture, work habits, and 
collaborations of the team members. Consider-
able interest and literature on composition of 
comprehensive wound care clinics and mar-
ketable interdisciplinary teams exists. This 
literature lacks overwhelming argument or 
evidence for a narrowly defi ned team makeup 
and spurs ongoing debate. Consequently, the 
approach proposed here presupposes an inter-
disciplinary team composed of members who 
possess the requisite clinical skills to meet the 
needs of a patient population. Table 16.1 lists 
potential members of the interdisciplinary 
wound care team.

Interdisciplinary chronic wound manage-
ment necessitates integrating evidence, skill, 
and interaction to create a comprehensive 
plan for wound healing. A comprehensive 
plan is easily structured by applying basic 
principles to reach the correct diagnosis, to 
achieve reasonable goals, to provide judicious 
treatment, and to produce consistent evalua-
tions. Diagnosis and goal setting are produced 
through analysis of available data, and the 
selection of treatment components, in turn, 
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hinge on that analysis. Evaluation procedures 
rely on an analysis consistent with the scien-
tifi c evidence and use processes created by 
interdisciplinary team members.

PATIENT ASSESSMENT

Patient assessment should begin with a full 
patient interview and physical examination. 
Addressing systemic concerns before examin-
ing the wound reinforces the patient as the 
focus of care and commonly gleans informa-
tion important to accurate diagnosis and rea-
sonable goal setting. Interviews with family 
or other informal caregivers complete the 
data collection process and further support 
goals and intervention plans.

Systemic Assessment

Systemic diseases and conditions, as well as 
global functional impairment, commonly cre-
ate or contribute to chronic wounds. Consider-
ation of all pathologies, nutritional needs, and 
functional status may reveal other causative or 
contributing factors. The treatment of these 
factors can infl uence the overall likelihood of 
healing. As a result, systemic assessment is an 
important corollary to wound assessment and 
is necessary to diagnosis and goal setting.

Functional assessment and interaction with 
the environment is likewise a component of 
systemic assessment. Questioning the patient 
about daily activities and observing movement 
in the clinical setting can gauge mobility. Use of 
assistive devices should be noted. For example, 
use of a wheelchair may create physical pres-
sure (e.g., friction with a foot rest adjacent to an 
arterial ulcer) that contributes to the develop-
ment of and inability to heal a chronic wound 
(Fig. 16.1). The evaluation should also include a 
falls assessment2; this history can be used to 
identify falls prevention and home safety inter-
ventions, and further to trigger referral to ap-
propriate specialists as needed. Assessment of 
mental functional status should complement 
the appraisal of physical functional status. Rec-
ognition of mental status abnormalities should 
lead to formal assessment if this has not been 
done previously.

Laboratory studies are essential to com-
plete systemic assessment. Studies should 
investigate status of primary and comorbid 
diseases, nutritional status, immunocompe-
tence, and infection if it is suspected on 
physical examination. Although there is no 
agreed-on screening battery of laboratory 
tests, an initial evaluation of a patient with a 
chronic wound should probably include a 
complete blood cell count, serum albumin, 
serum prealbumin, assessment of renal func-
tion, and evaluation of glucose tolerance. It is 
worth remembering that albumin has a long 
half-life, making it better suited for assessing 
the patient’s long-term nutritional status, 
whereas prealbumin with its short half-life is 
more useful to assess response to nutritional 

Table 16.1 Interdisciplinary Team Members
Hyperbaric Oxygen Therapy Physician
Registered Nurse Specializing in Hyperbaric Oxygen Therapy
Primary Care Provider

• Physician or Nurse Practitioner
Certifi ed Wound Ostomy and Continence Nurse

• Tissue Viability Nurse in the United Kingdom
Registered Dietitian
Nutrition Support Specialist

•  Nurse Practitioner or Physician if dietitian does not 
specialize

Speech Language Pathologist
Surgical Subspecialists

• Plastic Surgeon
• Vascular Surgeon
• General Surgeon

Dermatologist
Infectious Disease Specialist
Radiologist
Physiatrist
Geriatrician/Geriatric Advanced Practice Nurse
Physical Therapist
Occupational Therapist
Social Worker
Nursing or Health-Care Assistant
Chaplain or Spiritual Advisor
Mental Health Professional

• Psychiatric Advanced Practice Nurse
• Psychiatrist
• Psychologist
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supplementation over time. Other laboratory 
studies may also be indicated on the basis of 
the presence of known or suspected disease.

Analysis of these data offers the opportunity 
to consider all possible causes and contribu-
tors to a given process. These data may also 
trigger connections to psychosocial concerns. 
Associated pathology may become more clearly 
evident on examination of the systemic data in 
advance of local wound assessment.

Wound Assessment

Detailed description of the extent of tissue in-
volvement together with the dimensions, 
depth, and anatomy of the destruction are the 
hallmark of skillful wound assessment. Careful 
wound assessment may uncover details criti-
cal to making the correct diagnosis. As 
Ayello’s3 aptly titled article “What Does the 
Wound Say?” reminds us, clinicians must listen 
carefully to what the wound says. Many 
authors offer clear, well-developed wound 

assessment guidelines and schemas.4–7 Avail-
able schemas include broadly based discussion 
of assessment features, assessment guides, tem-
plates, and mnemonic acronyms. Although 
such literature may offer appealing advantages 
in systematizing data collection and ensuring 
detailed documentation, little comparative evi-
dence exists to suggest that one format is 
linked to improved outcomes. Rather, system-
atic collection and attention to core variables 
including dimensions, anatomy, appearance, 
exudates, and periwound tissues are the main-
stays of wound assessment. Misuse of categoric 
systems that serve as shorthand to describe 
wounds is common among those who are in-
experienced and should be avoided. For 
example, it is better to describe the wound 
appearance and level of tissue involvement 
versus using a label with staging or other no-
menclature (e.g., the National Pressure Ulcer 
Advisory Panel’s description of wound stages 
is available online at: http://www.npuap.org/
documents/NPUAP2007_PU_Def_and_
Descriptions.pdf) because clinically relevant 
details are omitted when reporting stage as a 
primary description. Fundamentally, assess-
ment must include and record information 
that describes the wound as completely as 
possible. Wound assessment also requires prior 
study and familiarity with features of diseases 
and conditions that cause wounds of a particu-
lar type. In addition, appropriate assessment 
requires the appreciation of the characteristics 
typical of common chronic wounds (e.g., pres-
sure ulcers, arterial ulcers, venous stasis der-
matitis and ulceration, diabetic neuropathic 
foot ulcers). Assessment of patients referred 
for HBOT also necessitates familiarity with 
characteristics of less common wounds that 
are more often treated with HBOT (e.g., soft-
tissue radiation necrosis, osteoradionecrosis) 
(Figs. 16.2 and 16.3).

Evidence of wound healing should also be 
carefully and repetitively assessed including 
recognition of ongoing healing by secondary 
intention (Fig. 16.4). Contraction is often indi-
cated by smoothed and rounded wound edges. 
Granulation tissue is identifi ed by its charac-
teristic red, granular appearance or initial 
emergence of small areas of granulation, 

Figure 16.1 An elderly, wheelchair-bound patient whose feet 
have multiple, bilateral ulcerations due, in part, to unrelieved 
pressure from inadequate footwear and the wheelchair footrests. 
(See Color Plate 11.)
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Figure 16.2 Soft-tissue radionecrosis of laryngectomy stomas (A, B) and the neck (C, D) in patients treated 
for head and neck cancers. The neck sites show ulcerating and fungating presentations. (See Color Plate 12.)

A

B

C
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sometimes termed islands. Epithelialization 
requires deliberate further attention to the 
wound edges; the epithelializing wound edge 
in healing by secondary intent is classically 
termed pearly with a mounded, pale pink or 
white, shiny appearance (Fig. 16.5). Absence 
of these features or presence of devitalized 
tissue, accumulated exudates, or other debris 
is indicative of poor healing (see Fig. 16.5). 
The presence and character of gross debris 
and exudates are also important details of 
wound appearance. Color, consistency, tex-
ture, and the extent of and adherence to the 
wound bed are important descriptors. Charac-
teristics of surrounding, or periwound, tissue 
including color, texture, and integrity are es-
sential to gauging the full extent of the wound 
and the processes that created it. Assessment 
must then encompass the visible wound and 
periwound tissue. Finally, evidence of prior 

treatment including past surgeries, old scars 
from healing by secondary intention, and 
more unusual fi ndings including staining from 
biomedical or alternative treatment and dress-
ing materials (e.g., zinc oxide residue, silver 
dressing stains, and marks from coining) offer 
important information about prior treatment 
and further the clinician’s understanding of 
the patient’s knowledge.

Wound and Periwound Tissue 
Measurement

Many tools are available to measure chronic 
wound dimensions.6,8 Extant tools, intended 
for research or practice, measure not only 
wound dimensions but surface area and vol-
ume, tissue interface pressures, and wound 
impact on quality of life.6,8–13 Other tools 
record or categorize qualitative wound ap-

Figure 16.3 Radionecrosis of the mandible presenting with oral lesions corresponding to the necrosis. (See Color Plate 13.)

May 25 June 18 July
2

Figure 16.4 Serial images of a patient’s 
lateral foot wound as it was reassessed 
during hyperbaric oxygen therapy. The series 
shows progressive granulation and contraction 
of the wound edge. (See Color Plate 14.)
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pearance.8,14 The relation between the use of 
such tools and patient outcomes lacks com-
prehensive and rigorous investigation. Fur-
thermore, the use of these devices may entail 
signifi cant cost because the use of devices 
may not be supported by current evidence 
and limited reimbursement may limit utility. 
Table 16.2 lists measurement methods and 
tools, outlining advantages and disadvantages 
shown in current investigation.

Clinical Studies and Imaging

Studies that clarify local effects of disease 
such as vascular studies (e.g., pulse volume 
recordings, interpretation of ankle–brachial 
indices, and angiograms in arterial disease) 
or tissue biopsy for diagnosis (e.g., defi nitive 
diagnosis of cutaneous, vascular, or rheuma-

tological disease) are best undertaken in 
consultation with specialist team members 
with appropriate expertise. Studies to assess 
the local wound environment are generally 
limited to wound cultures15–18 and transcuta-
neous oxygen measurement.19–23 Issues of 
technique and utility deserve attention.

Wound cultures for bacteria are performed 
with tissue obtained from surgical biopsy 
and topical swabs. Although clinical wisdom 
has long held that swab cultures will reveal 
nothing more than normal fl ora and contami-
nants together with possible pathogens, re-
cent research supports utility of this practice 
if performed correctly.16,17,24 Sibbald and col-
leagues25 together with Gardner and coau-
thors24 underscore the care with which a 
swab culture, using the technique that Levine 
and investigators18 outlined, must be collected. 

Figure 16.5 A patient’s heel wound 
treated with hyperbaric oxygen therapy 
shows a robust granulation bed with char-
acteristically smooth, contracting wound 
edge and the pale, pearly appearance 
consistent with epithelialization at the 
edge. (See Color Plate 15.)

Table 16.2 Wound Measurement Methods

TYPE METHOD FEATURES

TWO-DIMENSIONAL Linear measurement Inexpensive; quantitative only and is least 
reliable method11

Acetate tracing Inexpensive; can be reliable but is quantitative 
only; improved with addition of planimetry6,8,10,11

Full-scale photography or planimetry plus 
acetate tracings

Requires investment in software and hardware 
including camera; reliable8,10,11

Full-scale photography with photogrammetry Requires investment in software and hardware 
including camera; reliable8,10,11

THREE-DIMENSIONAL Full-scale photography with stereophoto-
grammetry

Requires investment in software and hardware 
including camera; reliable8,10,11,13

Digital image analysis software for full-scale 
photography, including light pattern analysis

Requires investment in software and hardware 
including camera8,9
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Levine’s technique is semiquantitative, re-
quires collection over one square centimeter 
of tissue, and differs markedly from other 
techniques using wound exudates or a simple 
Z-shaped swab pattern.24 Gardner and coau-
thors24 emphasize the need for further study 
to ensure comparability with biopsy culture 
results based on quantitative defi nitions of 
infection and threshold titers. The potential 
value of correctly obtained swab cultures can-
not be dismissed as surgical biopsy for culture 
is invasive and may pose clinically relevant 
risks for some patients. Evidence of infection 
from the patient’s history and physical and 
the relative risk of empiric treatment based 
on interpretation of these data should be 
weighed when considering the method of 
culture.

Measurement of the partial pressure of oxy-
gen at the wound may assist with a prediction 
of the likelihood to achieve healing.19–21,26–28 
The importance of oxygen in wound healing 
stems from classic work performed by Hunt 
and others and supports the use of HBOT.29–33 
Variations in local and systemic perfusion, 
oxygen-carrying capacity, and oxygen con-
sumption (including effects of systemic infec-
tion) all infl uence the wound environment 
and healing.19,27,31,34 Most signifi cantly, oxygen 
tension in the wound itself has profound ef-
fects on infection, complications such as de-
hiscence, and ultimately whether a wound 
may fail to heal.19,35,36 Hence, a number of in-
vestigators have measured partial pressure of 
oxygen at the wound bed using noninvasive 
transcutaneous techniques to explore the as-
sociations between these values and out-
comes.20,21,26–28,37 Studies conducted using a 
set of pathologic models that center on im-
paired arterial perfusion and common clinical 
outcomes (i.e., amputation and wound heal-
ing) collectively suggest that a transcutaneous 
partial pressure of oxygen (tcPO2) of around 
40 to 50 mm Hg is the point above which heal-
ing occurs.19,20,26,28 The relation between tcPO2 
and clinical wound healing in situations other 
than those with a primary arterial source (e.g., 
osteoradionecrosis and radiation-induced tis-
sues changes) has not been evaluated. Further-
more, how the oxygen environment of nor-
mally healing wounds such as acute surgical 

wounds differs from that of chronic wounds 
remains unclear.27 For example, although ex-
amination of acute wounds that heal reveals a 
relative decline in tcPO2, whether similar 
changes occur in chronic wounds lacks evi-
dentiary support.27 Finally, the interplay among 
dressings and devices used adjunctively to 
prepare the wound bed during HBOT that 
may infl uence alterations in tcPO2 are unex-
plored. Hence, little guidance exists about 
how sequential measurements of tcPO2 should 
be used for assessment and intervention in 
chronic wound management. Nonetheless, 
given the evidence that suggests the predic-
tive capacity of tcPO2, the noninvasive nature 
of the technique, and its reliability, the use of 
tcPO2 measurement is perhaps worthwhile in 
creating a comprehensive wound assessment. 
The availability and cost of the technology 
balance this decision.

The presence of exposed bone within a 
wound, the presence of signifi cant periwound 
tissue changes including bogginess and fl uc-
tuance, and the presence of foreign bodies 
in and adjacent to the wound bed warrant 
clinical evaluation that includes a variety of 
imaging techniques.38,39 Exposed bone or 
skeletal structures, or other clinical evidence 
that suggests osteomyelitis (e.g., presence of 
long-standing gaps in granulation tissue or 
tracts and sinuses involving the wound bed) 
mandates comprehensive work-up to exclude 
this possibility (Fig. 16.6). The availability of 
positron emission tomography has enhanced 
the ability to detect osteomyelitis. Termaat 
and colleagues’39 recent review and meta-
analysis reveals the utility of positron emis-
sion tomography and leukocyte scintigraphy 
over other imaging techniques in diagnosing 
osteomyelitis. Whether these more advanced 
technologies will provide important clinical 
information compared with lower cost 
imaging techniques may require additional 
consultation.

Psychosocial Concerns

The experience of having chronic wounds 
is inherently complex. A patient’s behavior 
and psychosocial status may infl uence healing 
through direct or indirect means.40–42 Smoking 
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tobacco, for example, appears to infl uence 
wound healing.32,43,44 The patient may experi-
ence prototypical unpleasant sensations such 
as pain or pruritus or may experience develop-
ment of unexpected hypesthesia or anesthe-
sia.45 These symptoms can handicap interper-
sonal and larger social role functions.41,42 
The initial patient assessment should explore 
behavior, psychosocial concerns, and function, 
as well as knowledge of the current condition. 
In addition, behavioral assessment is indicated 
when self-injury, whether intentional or inci-
dental, may be at hand. The patient’s and fami-
ly’s knowledge of the disease process infl u-
ences all aspects of care from assessment 

(e.g., ability to provide accurate history) 
through goal setting (e.g., capacity to under-
stand clinically realistic goals) to intervention 
(e.g., self-care ability). Family members who 
are primary caregivers should be included in 
initial psychosocial assessment. The basic 
assessment may be used to trigger referral and 
follow-up with a mental health professional 
when evidence of major mental health 
concerns are present.46,47

Only a few instruments emphasize psycho-
social impacts of chronic wounds through 
health-related quality-of-life measurements or 
more focal investigations such as wound 
pain.6,48,49 The MEASURE system6 notably in-
cludes suffering in the wound assessment, 
but only within a larger set of variables. The 
Cardiff Wound Impact Schedule48,49 has been 
tested in groups of patients with limited types 
of chronic wounds but is not yet in wide-
spread use.

Wound Environment

There is a growing body of knowledge on the 
chronic wound environment at microscopic 
and macroscopic levels, and how this envi-
ronment infl uences healing.25,36,50–56 The well-
accepted maxim of keeping a wound clean, 
moist, and protected speaks to the impor-
tance of wound environment for promoting 
healing.57,58 These principles of clean, moist, 
and protected have been dissected to reveal 
elements of promotion, benefi t, harm, and 
balance at cellular and molecular levels.59 
Furthermore, the impact of gross debris in 
the wound bed is increasingly well de-
scribed60–62 (Fig. 16.7). Discrete elements in 
the environment and their impact on it, the 
physiology of healing, and the pathophysiol-
ogy of delayed or impaired healing in chronic 
wounds are now better understood and can 
be considered in clinical chronic wound man-
agement.25,51,54,55,59–61,63–67

Chronic wound management relies on esti-
mations of the wound environment. Knowl-
edge of normal wound healing physiology 
(see Chapter 11) and pathophysiology of 
chronic wounds provides the groundwork for 
consideration of the wound environment at 
both microscopic and macroscopic levels. 

Figure 16.6 A patient’s posterior shin arterial ulcer is fi lled with 
devitalized tissue and proteinaceous exudates. The exposed ten-
don at 12 o’clock position suggests osteomyelitis may be present 
and warrants further clinical evaluation. (See Color Plate 16.)
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Interventions are designed on the basis of 
available evidence, clinical hypotheses in the 
absence of direct evidence, and clinical judg-
ment grounded in best practices. The phase 
of wound healing may be assessed by macro-
scopic features of wound appearance, charac-
teristics (such as color) of the wound bed, and 
consistency or odor of exudates. Clinical as-
sessment of the microscopic wound environ-
ment lacks sensitivity and specifi city. Cyto-
kines, proteases, and bacterial load are primary 
factors in the microscopic wound environ-
ment together with the cell groups active 
in the three phases of wound healing. Other 
variables in the wound history may also sug-
gest characteristics of the microenvironment. 
These include the chronologic age of the pa-
tient, comorbidities, diet (including protein or 
protein-calorie malnutrition and specifi c nu-
tritional defi ciencies), injuries, time without 
clinical evidence of healing, failure to heal, 
and clinical progression and regression in 
healing.50 Inherent threats to wound healing, 
such as senescence with changes in cellular 
replication, and elements of the pathophysiol-

ogy and history of the chronic wound, such as 
high concentrations of matrix metalloprotein-
ases, are now understood to shape the micro-
environment of the wound and to create 
clinically signifi cant alterations in healing.50,59

Clinical assessment of the wound environ-
ment may trigger additional investigation and 
generate refi ned hypotheses. For example, a 
surgical wound that dehisces after nearly com-
plete re-epithelialization without evidence of 
infection may suggest malnutrition. Further as-
sessment and investigation to confi rm this hy-
pothesis may then disclose possible vitamin A 
defi ciency with links to long-term use of drugs 
metabolized in the liver and direct nutritional 
supplementation.36 Similarly, assessing a foul 
odor emanating from a chronic wound that is 
worse when debris accumulates may suggest 
pathologic bacterial colonization or infec-
tion.25,66 Further assessment and investigation 
to confi rm this hypothesis may reveal poor 
perfusion to the wound bed and a high likeli-
hood of anaerobic infection. Pursuing this line 
of thought still further leads to consideration 
of local and systemic evidence of infection and 

A C

B

Figure 16.7 A patient’s posterior shin arterial ulcer shows accumulation of grossly visible proteinaceous exudates that 
are yellow (A). Serial images of patient’s lateral foot ulcer (B, C) show large amounts of pale, devitalized tissue together 
with some proteinaceous exudates (B), which is reduced with enzymatic debridement (C). (See Color Plate 17.)
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evaluation of treatment options that acknowl-
edge poor perfusion and implications for sys-
temic drug delivery as well as concerns about 
antibiotic resistance and nonpharmacologic 
options such as dressings that contain bacteri-
cidal concentrations of silver.25 Such sequential 
refi nement of hypotheses about the wound 
environment using clinical data and available 
evidence directs intervention for management 
of chronic wounds.

INTERVENTION

Interventions for chronic wound management 
encompass systemic, local, and psychosocial 
techniques. Growing interest in paradigms of 
health beyond allopathic traditional medicine 
has given rise to testing a variety of tech-
niques less familiar within the classical medi-
cal tradition. Psychosocial techniques for sup-
porting the patient and caregiver may augment 
systemic and local interventions. Among the 
most important psychosocial interventions is 
patient and family education. All interventions 
included in a plan for management should 
meet several standards. First, interventions 
should optimize the wound environment, be-
ginning with the maxim of clean, moist, and 
protected, and extending to correction of 
pathophysiologic characteristics in the wound 
environment. Second, interventions should 
match available scientifi c evidence to objec-
tive assessment data. Third, interventions 
should adhere to current best practices and 
clinical judgment when scientifi c evidence is 
lacking. Finally, interventions should adhere to 
principles of patient-centered wound man-
agement. Table 16.3 outlines these principles 
and their rationale.

Local interventions begin with the maxim 
of a clean, moist, and protected wound. For 
example, a wound must be free of debris to 
match the maxim of clean. Furthermore, the 
microlevel wound environment requires main-
taining microbiologic balance and control of 
pathogenic overcolonization to meet the needs 
of the infl ammatory wound healing phase.25,36,59 
Wound moisture should be maintained to sat-
isfy requirements of the cells active during the 

infl ammatory, proliferative, and remodeling 
phases of wound healing. Similarly, wounds 
must be protected to maintain cellular activity 
and avoid destructive physical forces.

The match between clean, moist, and pro-
tected—noting that these principles generally 
apply throughout healing in most wounds—
and the phases of wound healing offers a 
clinically useful guide to local care. Product 
and device choices are often driven by famil-
iarity and comfort, not by analysis of data sup-
porting their use. Products and devices create 
specifi c macrolevel and microlevel effects in 
the wound environment. For example, cotton 
gauze wet with normal saline solution pro-
vides moisture to the wound, although the 
effect is not constant and is affected by wound 
moisture (Fig. 16.8). It also abrades the wound 
and disturbs the microscopic structure such as 
a biofi lm in the bed.25,59 Easy to use, but lack-
ing technologic sophistication, a normal saline 
solution on gauze may theoretically be used 
to clean a chronic wound and maintain mois-
ture if applied with appropriate technique and 
suffi cient frequency (see Fig. 16.8). Thus, al-
though this dressing has potential utility across 
phases of wound healing and supports the 
maxim “clean, moist, and protected,” it is a rela-
tively diffi cult and expensive dressing to use 
to achieve these aims.68 Principles of patient-
centered wound management suggest consid-
eration of other options. Likewise, topical anti-
biotic agents, such as bacitracin zinc and 
polymyxin B sulfate ointment with or without 
neomycin, are commonly applied to maintain 
a moist wound and to reduce slough or adher-
ent debris in the wound bed. The thought 
behind their use is to prevent infection, thereby 
reducing tissue sloughing that is often con-
fused with pus. However, the antibiotics in 
these agents can produce local sensitivity and 
overgrowth of organisms such as Candida 
albicans. The petrolatum carrier in these prod-
ucts will prevent infection equally well as the 
antibiotics themselves, and it creates a barrier 
under which some autolysis may occur.69–71 
Similarly, devices such as negative-pressure 
wound therapy have microlevel and macro-
level infl uence on the wound environment. 
Negative-pressure wound therapy improves 
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local perfusion, manages exudates, and re-
moves bacterial colonies in the exudate to 
optimize the microscopic environment.29 The 
application of this device also balances the 
general moisture level of the wound and pro-
vides physical protection to the wound bed.

Pairing products and devices with the wound 
environment is complicated by the rapid prolif-
eration of merchandise by the wound care 
industry. Marketing can sway clinicians, who 
may be infl uenced by overly enthusiastic inter-
pretations of available clinical articles or 
research reports offered by device and product 
detailers. Often, evidence is inadequate and 
is outpaced by new and updated versions of 
products and devices. Successful pairing 
requires careful examination of products and 
devices, wound assessment data, and patient 
characteristics.

Wound Dressings

The treatment of a wound almost always 
requires application of a physical dressing to 
manage wound moisture, contain topical 
agents or otherwise manipulate the microen-
vironment, and protect the wound and possi-
bly periwound tissue. Dressings for chronic 
wounds are accomplished using clean tech-
nique and a variety of products. Classical 
products such as cotton gauze and petrola-
tum gauze are inexpensive and have a number 
of characteristics such as absorptive capacity, 
texture, and fl exibility that allow them to be 
used in a variety of ways (Fig. 16.9). More 
modern products such as composites that 
absorb proteases or absorptive hydrofi ber or 
calcium alginate dressings, although more 

Table 16.3 Criteria for Selection of Local Wound Care Products

CRITERIA RATIONALE

Comfortable Uses techniques and technologies that are well tolerated and adapted to anatomy, function, and 
personal preference

Commonly available Provides continuity with home and institutional care
Access through providers, pharmacies, or medical supply houses without protracted search and 
excessive cost

Easily used Enables effi cient care by clinicians or family caregivers without diffi cult work, discomfort, or distress 
to the patient
Relies on supportive measures to mitigate workload, discomfort, and distress entailed by necessary 
interventions

Cost-effective Prevents an undue fi nancial burden on the patient and family
Ensures appropriate resource utilization for institutions

Figure 16.8 A patient’s leg wound is packed with roll gauze that has been dampened with normal saline solution. 
Note that the wound is packed by layering the gauze into the wound, which limits overpacking and allows for atraumatic 
removal. (See Color Plate 18.)
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expensive, may have specifi c properties that 
make them more desirable agents. Consider-
ation of the product composition, its designed 
and approved use, and the evidence support-
ing that use should be considered to achieve 
a match between the characteristics of the 
wound and the dressing selected.

Managing wound moisture involves assess-
ment of wound exudate and drainage. The char-
acteristics of the exudate and the volume and 
pattern of drainage are assessed to determine 
whether the wound lacks moisture or whether 
the wound bed is overly wet and excessive 
drainage risks maceration of periwound tissue. 
Interestingly, wound moisture is measured only 
at a qualitative level in clinical practice. No evi-
dence points to optimal moisture as measured 
by any particular method; however, extremes in 
the range require management.

Products that supplement wound moisture 
are most often delivered as an irrigant 
(e.g., normal saline or lactated Ringer’s solu-
tion) or a gel. Hydrogels use base materials 
such as glycerin to counteract evaporation. 
Furthermore, they create consistency that eases 
application and maintains placement. A gel, for 
example, stays in a wound more easily and 

without a carrier such as gauze than an irrigant, 
which will dry more rapidly. Hydrophilic and 
humectant ointments may also be used to en-
hance moisture in a wound bed by creating a 
barrier fi lm that prevents evaporation of wound 
fl uid. Among the most common agents in these 
ointments are glycerin, lanolin, and urea. Their 
use encompasses the range of treatment from 
dry desquamation caused by radiation dermati-
tis to autolytic debridement of an eschar.72 
They are less often used to maintain moisture 
in clean but dry wounds where hydrogels have 
come into standard use. Finally, dressings that 
adhere to the wound and provide a physical 
barrier that prevents evaporation of wound 
fl uids can also be used to maintain a moistened 
dry wound bed. These dressings rely on an ex-
tended dwell time to prevent signifi cant evapo-
ration, combined with clinically signifi cant 
amounts of wound fl uid exuded over a period 
of days to create a wet wound environment. 
Hydrocolloid and transparent fi lm dressings 
are ubiquitous in most clinical settings and 
generally familiar to clinicians.

In contrast with wounds with a dry wound 
bed, wet wounds present the opposite chal-
lenge of absorbing and holding excessive 

Figure 16.9 A patient’s plantar wound is packed with fi ne mesh gauze that is dampened with normal saline 
solution. (See Color Plate 19.)
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drainage so that the wound remains moist but 
is neither dry nor macerated. To achieve this, 
an absorptive product must absorb and hold 
drainage without returning it to the wound 
bed or periwound skin. Cotton gauze, although 
able to absorb fl uid, lacks capacity to hold it 
over time. Products such as calcium alginate or 
hydrofi ber dressings absorb and hold moisture 
over time far better than gauze and benefi t 
from widespread use (Fig. 16.10). Hydrophilic 
foam dressings are newer additions to the ab-
sorptive category. These products are familiar 
in many settings where people who have 
chronic wounds are treated.

Mechanical devices can also be helpful in 
managing exudate and underlying edema. Al-
though the consideration of edema and lymph-
edema management is beyond the scope of 
this chapter, the devices used to treat lymph-
edema and other edema bear mention. Short 
stretch bandages, other compression dressings 
such as an Unna’s boot, and negative pressure 
wound therapy may be benefi cial in relieving 
edema and managing exudate over time. Both 
compression and negative suction may be 
temporarily diffi cult for patients to tolerate 
given the expected increase in exudate and 
drainage that may initially occur. Patient sup-
port and education are even more important if 
these devices are selected as part of therapy.

Manipulation of the wound microenviron-
ment with dressings offers new, targeted op-
tions for local intervention. Use of topical 

agents such as topical antibiotics has long 
been part of local wound care, implemented 
without extensive evidence and relying on 
practice patterns and empiric understanding 
of colonizing pathogens.73 In a critical review, 
Howell-Jones73 summarizes the evidence for 
topical antimicrobial drugs and concludes that 
suffi cient evidence supports the utility of 
agents such as silver sulfadiazine. These agents 
are widely available, active against many com-
mon pathogens, and inexpensive. Cho74 warns 
about possibly delayed healing and addresses 
it through a preliminary, in vitro intervention 
model. The advent of dressings that deliver bi-
ologically active silver for microbicidal effect 
have resulted in the proliferation of many 
products with various forms of silver. Warriner 
and Burrell75 and Sibbald and colleagues25 of-
fer summaries of silver delivery systems in 
dressings and commercially available products. 
Considerations including dwell time, cytotox-
icity, and ease of use are reviewed by Sibbald 
and colleagues.25 Warriner and Burrell’s75 anal-
ysis of confl icting literature provides clinical 
guidance in product selection based on the 
conclusion that silver concentration appears 
to be critical to effi cacy. Notably, the classic 
silver preparations, silver sulfadiazine and sil-
ver nitrate, together with the nanocrystalline 
silver preparations (namely, Acticoat products; 
Smith and Nephew, Largo, Fla) exceed the 
threshold concentration of 35 mg/L estab-
lished in their summary.75 These products 

A B

Figure 16.10 A patient who has been treated for head and neck cancer has an orocutaneous fi stula (A) that is 
packed with calcium alginate dressing to manage the fi stulous drainage (B). (See Color Plate 20.)
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have the further advantage of being less ex-
pensive than many others. Other consider-
ations, such as cost-effectiveness and cytotox-
icity, as outlined by Sibbald and colleagues,25 
and concerns about resistance warrant careful 
attention particularly as use of these dressings 
become more commonplace.75,76

Physical protection of the wound bed is 
achieved easily with consideration of the me-
chanical properties of available dressings. Pri-
mary and cover dressings that adhere to or are 
secured to intact periwound tissue provide 
some cushion against minor trauma including 
friction and remain in place through the 
planned dwell time of the dressing (Fig. 16.11). 
Any number of common and inexpensive, as 
well as new and often more expensive, prod-
ucts have these characteristics and can be 
used in wound dressings to protect the wound. 
In addition, products may have other charac-
teristics that may be useful in achieving 
the aims of local care. Thus, products such 
as composite, moisture-proof, layered pads 
(e.g., known in health-care vernacular as ABD 
pads) that can be secured with tape can serve 
as an effective protector, as can soft silicone 
products (e.g., Mepilex; Mölnlycke, Göteborg, 
Sweden) that use silicone to be adherent with-
out using an adhesive. ABD pads are relatively 
nonadherent and comfortable to use but awk-
ward if smaller dressings are required because 
they fray when cut. However, these pads carry 
topical agents easily, allowing medications to 
be spread on the pad and delivered to the 
wound with a “no-touch” technique that is 
helpful when patients experience extreme 
pain on manipulation. Likewise, soft silicone 
dressings are available in a variety of types that 
offer wicking to transfer the exudate of wet 
wounds and occlusive cover dressings that 
help maintain moisture in a drier wound. Their 
use can also limit pain in wound care and op-
timize the wound microenvironment.

Wound Irrigation and Debridement

Irrigation of chronic wounds classically gen-
erates substantial clinical controversy. Irrig-
ant cytotoxicity was the vogue topic of the 

1980s, and selection of nontoxic agents for 
irrigation and routine cleansing has become 
standard in wound care practice.63,66 Al-
though agents such as dilute povidone-
iodine, acetic acid, sodium hypochlorite so-
lution, and hydrogen peroxide undergo 
further, incidental investigation in wound 
care research, little compelling evidence ex-
ists to argue for their use above normal sa-
line solution or lactated Ringer’s solution as 
standard wound irrigants.63,77–81 Use of irrig-
ants is further complicated by the delivery 
and mechanics of irrigation. Tissue trauma 
with forceful local irrigation is generally not 
considered helpful in chronic wound man-
agement. However, hydrotherapy—as less 
targeted irrigation with agitation using a 
container that accommodates the affected 
anatomy—continues to receive some atten-
tion despite lack of any research to support 
use.82,83 Although clinical judgment regard-
ing specifi c application of irrigants for par-
ticular patients may vary (e.g., for patients 
who cannot tolerate any force of stream or 
who are sensitive to irrigant temperature), 
available literature offers no more compel-
ling guidance other than routine use of 
normal saline solution or lactated Ringer’s 
solution. The use of tap water in home care 
and the use of hydrogen peroxide or soap to 
“dis-incrust” wound and periwound tissues 
followed by fl ooding of a nontoxic irrigant 
are likely warranted to act as a mild mechan-
ical debriding agent.63

Debridement is as controversial a clinical 
topic as any in chronic wound management 
(Fig. 16.12). It merges and magnifi es issues of 
clinician training, specialty, skill, and prefer-
ence. Research addressing the comparative 
value of sharp mechanical, gross mechanical, 
enzymatic, osmotic, autolytic, hydrotherapy, 
and biologic methods is limited in scope and 
quality.60–63,84–87 Sharp mechanical debride-
ment is often considered the gold standard 
against which other methods are judged60; 
however, little evidence supports this standard 
as a universal rule for management of all 
chronic wounds. Sharp debridement provides 
rapid, selective removal of large amounts of 
nonviable tissue.63 These attributes make it an 
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advantageous method to use in situations 
where rapid removal is desired by virtue 
of physiologic threat or bioburden (namely, 
infection or abscess), pain associated with 
infection, or inability to tolerate or withstand a 
delayed method (e.g., allergy to enzymatic 
ointments, poor self-care, limited funds for 
topical agents). Sharp debridement also has 
the advantage of being easily performed 
by appropriately trained clinicians. Recently, 
methods viewed as traditional in some soci-
eties and complementary or alternative in 
Western care have been reviewed and exam-
ined.86,88 Although some of these methods 
have been easily integrated into traditional 

care (namely, papain), others including honey, 
sugar, maggots—often called biotherapy—have 
not gained wide acceptance.86,88 Evidence 
supporting these traditional or complementary 
methods may or may not adhere to a Western 
clinical research paradigm; however, research 
is being conducted with greater frequency, 
compounding the choices and options in de-
bridement. Again, careful examination of ef-
fects on the microlevel and macrolevel wound 
environment and principles of patient-centered 
care guides selection among a panoply of 
options. Thus, a patient with continued accu-
mulation of soft slough, no known allergies, 
well-controlled or minimal wound pain, 
strong motivation for self-care, and prescrip-
tion coverage is likely an excellent candidate 
for debridement using a papain ointment 
(Fig. 16.13). Conversely, use of maggots, al-
though a physiologically sound choice for 
debridement, may be personally and socially 
unacceptable in most Western settings.86

A

B

Figure 16.11 A patient with an extensive and complicated 
plantar foot wound was treated with HBOT. A biomembrane 
dressing was used to maintain wound moisture, reduce pain, 
and maintain tissue position (A). The wound healing, by tertiary 
intent, created a granulated wound bed that was closed using a 
split thickness skin graft (B). (See Color Plate 21.)
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Antibiotic Therapy

Management of infection mandates careful in-
tegration of systemic and local data with avail-
able options and evaluation of risks to the 
patient. Options for treatment include sharp 
debridement, topical antibiotics, dressing prep-
arations that include biologically active silver, 
and systemic antibiotics. Sharp debridement of 
devitalized, nonviable tissue and noncellular 
debris offers rapid reduction of bacterial load.89 
Topical antibiotics available range from com-
mon over-the-counter preparations including 
bacitracin zinc or polymyxin B to prescription 
drugs such as silver sulfadiazine or mupirocin. 
Concerns about adverse reactions such as cuta-
neous sensitivity, microbial resistance, and de-
layed wound healing with these agents warrant 
consideration.74,90 Biologically active silver is a 
potentially valuable antimicrobial therapy, 
especially in high-risk patients who may have 

diffi culty responding to infection and fre-
quently incur chronic wounds. The choice of 
topical agents may incorrectly receive less at-
tention than systemic therapies. Options are 
many and should be matched to specifi c assess-
ment data and weighed against available insti-
tutional data on sensitivity, resistance, and epi-
demiology.53,66,76,91,92

Systemic antibiotic therapy requires a clear 
analysis and well-timed care, particularly in the 
immunocompromised patient, whether deliv-
ered orally or parenterally.53,66 However, al-
though there are numerous reports of drug 
trials to support specifi c antibiotics, the evi-
dence to support drug choice in chronic 
wound care is sharply limited.93 Available evi-
dence points to a wide variety of pathogens 
including commonly suspected Staphylococ-
cus aureus and Pseudomonas aeruginosa, as 
well as less common pathogens.94 Howell-
Jones and colleagues95 report an important 

A B
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Figure 16.12 Images of an amputation 
site show devitalized tissue, adherent 
exudates, and other debris (A) that warrant 
debridement (B). C, Some granulation tissue 
and proteinaceous exudates covering varying 
portions of the wound bed. D, Wound shortly 
after split-thickness skin graft placement. 
(See Color Plate 22.)
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study of prescribing patterns for antibiotic use 
in chronic wound treatment in a primary care 
setting. As might be expected, patients with 
chronic wounds received far more antibiotics 
than did patients without wounds. However, as 
Howell-Jones and colleagues95 point out, the 
microbiologic rationale for patterns of pre-
scription is not evident, thus suggesting that 
practice patterns are idiosyncratic and clearly 
infl uenced by inadequate evidence. That, com-
bined with ever increasing concerns about 
resistant organisms (always in the context of 
differentiating between contamination and 
frank infection), suggests caution in prescrib-
ing for individual patients. It also requires that 
attention be paid to prescribing patterns and 
the clinical response of patients in general.94,96 
In addition, wound perfusion may infl uence 
drug delivery such that drug concentrations at 
the wound bed may be inadequate to treat the 
source of infection. Hernandez96 summarizes 
evidence for systemic antibiotic use in chronic 
wound management. He provides a detailed 
analysis to guide management. Finally, although 
there is growing interest and research on 
complementary therapeutics that fall outside 
traditional Western care for infection, scant 
evidence is available in support of such inter-
ventions over antibiotic use that is supported 
by a large body of cumulative data.88,97–99

Manipulation of Wound 
Microenvironment

The ability to manipulate the microscopic 
wound environment has recently progressed 
to molecular strategies. Local agents that supply 
exogenous growth factors (namely, platelet-
derived growth factor-bb in a hydrogel carrier—
becaplermin [Regranex]; Ortho-McNeil Phar-
maceutical, Inc., Raritan, NJ) and absorb excess 
matrix metalloproteinases (e.g., Promogran; 
Ethicon, Inc., Somerville, NJ) are now widely 
available in practice, despite some challenges 
with cost and coverage. However, these prod-
ucts illustrate the current gap in translational 
science. Cross and Mustoe54 emphasize the mis-
match between bench science that reveals the 
role of platelet-derived growth factor in wound 
healing and the commercially prepared plate-
let-derived growth factor-bb for use in wound 
care, the promise of which remains unfulfi lled. 
This may, in part, be because of the challenges 
of conducting in vivo wound care studies and 
achieving systematized, standard wound care 
protocols.54 The focus on dressings that manage 
protease concentration is far less than that 
which platelet-derived growth factor-bb re-
ceived in the clinical community. Another treat-
ment modality that has been widely adopted 

Figure 16.13 A patient with an anterior 
shin arterial ulcer is being treated with hyper-
baric oxygen therapy and use of a papain 
ointment to debride exudate and support 
granulation. Note the green color of the oint-
ment visible on the dressing as it is removed 
and the granulation islands present at the 
lateral wound borders. (See Color Plate 23.)
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without evidence of its effi cacy is negative pres-
sure therapy (namely, V.A.C.; KCI, San Antonio, 
Tex),100 despite some fi ndings that include a 
possible increase in bacterial burden.55 Nega-
tive pressure wound therapy was rapidly ad-
opted on the basis of initial hypotheses about 
mechanism of action, early positive results, and 
clinically impressive case series, often sup-
ported by industry funding.83,101 The device fast 
gained popularity in treating a wide variety of 
wounds deemed slow or diffi cult to close.83,102 
Although such clinical success is important, 
many questions about this clinically complex, 
costly intervention remain unanswered. This 
underscores the dilemmas inherent to in 
vivo wound studies eluded to by Cross and 
Mustoe.54

Systemic treatment encompasses a large 
portion of chronic wound management and 
includes several components. Issues of disease, 
nutrition, behavior, and psychosocial distur-
bances infl uence wound healing directly or in-
directly. Treatment of systemic or local effects 
of disease to cure or control underlying pathol-
ogy of the chronic wound is fundamental to 
successful wound management.23,103–105 Exam-
ples of these interventions and treatments range 
from diabetic management, incorporating blood 
glucose control, weight management, and exer-
cise, to peripheral venous disease management, 
encompassing pharmacotherapy to manage 
thrombus formation and mechanical control of 
peripheral edema.3,23,103–106

Nutritional Supplementation

Maintenance of macronutrients and micronutri-
ents, correction of protein and calorie malnutri-
tion, and dehydration require careful ongoing 
clinical evaluation and the use of appropriate 
laboratory data. This attention is necessary to 
avoid threats to wound healing and the patient’s 
general health. Correction of protein defi cits 
should take into consideration the relatively in-
apparent losses in wound exudates and nonvi-
able tissue load. Concomitantly, fl uid loss and 
potential dehydration necessitates a qualitative 
estimation of fl uid loss in dressings and may 

also require laboratory assessment of a patient’s 
hydration status. Correction for caloric needs 
and expenditure, as well as consideration of fat 
supplementation, together with protein and 
fl uid supplementation, complete the macronu-
trient profi le for nutritional therapies. Use of 
standard nutritional supplementation equations 
and support of a registered dietitian familiar 
with care of patients with chronic wounds en-
hances precision in macronutrient intervention 
for chronic wound management.7,107–112 Micro-
nutrient defi ciencies, support, and supplemen-
tation remain a focus for research in nutrition 
and wound healing.109 Currently available 
evidence suggests that supplementation with 
zinc and vitamin C is effective for patients with 
intact renal function and nutrient defi cien-
cies.109,113–115 Arginine is receiving fair attention, 
but evidence to support supplementation in 
clinical practice remains limited.108,109,113,116 
Vitamin A supplementation may be supported 
in certain circumstances (namely, defi ciency 
determined by exclusion based on clinical pre-
sentation of delayed infl ammation or compro-
mised remodeling and chronic use of medica-
tions metabolized by the liver).108 Vitamin E 
supplementation should be viewed with skepti-
cism given insubstantial evidence and sugges-
tion that large doses may disrupt the infl amma-
tory phase of healing.108,111 The utility of other 
micronutrient supplementation, although often 
regarded with popular acclaim, generally 
requires substantially more evidence before 
translation into practice.109,117

Medication Interactions 
and Polypharmacy

Scrutiny of current medications for side ef-
fects is necessary because they may alter the 
wound healing response. This also includes 
topical or systemic medications used directly 
in wound management because many patients 
with chronic wounds are older and at risk for 
drug–drug interactions and side effects.30,118 
Specifi c consideration of pain medication 
must be included in any medication profi le for 
chronic wound management.40,45,119 Care must 
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be taken to guard against undertreatment of 
pain, particularly in older adults in whom 
unrelieved or partially treated pain may have 
become a way of life. In addition, local pain 
relief medication and nonpharmacologic 
interventions should be considered.45,120

Psychosocial Intervention

Many elements of chronic wound manage-
ment have behavioral and psychosocial dimen-
sions that must be treated in tandem with 
goals for wound care. For example, stoicism 
about pain and fears of dependency on pain 
medication are common and may limit suc-
cessful management if inadequately addressed 
as problems with treatment adherence and 
other concerns arise. Thus, these issues require 
astute assessment and timely intervention. 
Medications may be used effectively to sup-
port psychosocial care and counseling. They 
are especially useful in controlling addictive 
behaviors such as smoking or psychological 
reactions to treatment or to the wound itself. 
Problems such as claustrophobia, anxiety 
(which can be caused by HBOT), and depres-
sion should similarly be addressed. Tobacco 
use and cessation, although relatively poorly 
understood in relation to specifi c molecular 
aspects of wound healing, requires a clear plan 
for cessation. Available evidence and under-
standing of physiologic effects of smoking in 
particular compel intervention for cessation to 
improve wound management.31,32,43,44 Ongo-
ing wound treatment regimens may interfere 
with mental health counseling or behavioral 
therapies that may appear to be too burden-
some to an already overwhelmed patient. 
Psychosocial interventions should be tied 
directly to ongoing patient assessments and 
use all available sources for treatment.

EVALUATION

Effective evaluation of chronic wound man-
agement requires frequent reassessment. 
Goals are predicated on systematic appraisal 
and expectations for progress. Inconsistent 

wound care that lacks a systematic approach 
jeopardizes the evaluation process and war-
rants zealous quality control. Similarly, clini-
cians should know and acknowledge their 
own practice patterns to ensure a systematic 
approach within and across patient cases. 
Expectations that are unmet with little or no 
progress toward goals should generate ques-
tions. Questions that arise and puzzle clini-
cians in the care of specifi c patients suggest 
re-examination. Researchable questions com-
monly arise in this process and can trigger 
quality monitoring, program evaluations, and 
clinical or basic research depending on the 
available resources.
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The use of fl aps and grafts has become an indis-
pensable tool in the armamentarium of the re-
constructive surgeon. Traditionally in the realm 
of the plastic surgeon, the use of simple grafts 
and fl aps has become prevalent in numerous 
surgical specialties including general surgery 
and head and neck surgery. As the surgeon’s 
experience with grafts and fl aps increases, the 
use of hyperbaric oxygen therapy (HBOT) as 
an adjunct for success will inevitably play a 
role. Most plastic surgeons will have expertise 
in the use of grafts and fl aps for reconstruction, 
but few will have knowledge of hyperbaric 
medicine. In contrast, the hyperbaric medicine 
physician will be an expert in the indications 
and uses of hyperbaric therapy but may not be 
familiar with the defi nitions, classifi cations, and 
principles of using grafts and fl aps for recon-
struction. The purpose of this chapter is to give 
an overview of HBOT use in compromised 
grafts and fl aps to allow a multidisciplinary 
approach to the problem.

HBOT is unnecessary in the support of rou-
tine, uncompromised grafts or fl aps. However, 
the appropriate use of HBOT has been shown 
to be extremely useful in the successful sal-
vage of compromised grafts and fl aps.1–3 The 
rationale for appropriate HBOT for compro-
mised grafts and fl aps should be based on 
scientifi c and clinical research whenever pos-
sible. This chapter discusses the defi nition, 
classifi cation, and diagnosis of compromised 

Compromised 
Grafts and Flaps

William A. Zamboni, MD, FACS, 
and Richard C. Baynosa, MD

17

CHAPTER OUTLINE
DEFINITIONS, CLASSIFICATIONS, 

AND PATHOPHYSIOLOGY
Simple Grafts versus Composite Grafts
Flap Classifi cation Based on Blood Supply
Flap Classifi cation Based on Tissue Type
Ischemia, Ischemia-Reperfusion, and the 

Microcirculation
DIAGNOSIS AND TREATMENT OF 

THE COMPROMISED GRAFT
Recognizing the Problem Wound Bed
Management of the Hypoxic, 

Compromised Wound Bed
Rationale for Hyperbaric Oxygen 

Treatment of the Compromised Graft
DIAGNOSIS OF THE COMPROMISED FLAP 

AND CRITERIA FOR USE OF HYPERBARIC 
OXYGEN THERAPY

Clinical Manifestations of the 
Compromised Flap
Random Ischemia
Low Arterial Infl ow
Total Arterial Occlusion
Partial Venous Congestion
Total Venous Occlusion

Ischemia-Reperfusion Injury
RATIONALE FOR THE USE OF HYPERBARIC 

OXYGEN THERAPY IN COMPROMISED 
GRAFTS AND FLAPS

SUMMARY

              



374 Section IV Indications

grafts and fl aps. In addition, the proper indica-
tions for the use of HBOT based on available 
scientifi c and clinical literature are reviewed. 
This should assist both the surgeon and the 
hyperbaric physician in acquiring the neces-
sary background to successfully utilize HBOT 
for fl ap or graft salvage using a calculated, 
multidisciplinary approach.

DEFINITIONS, CLASSIFICATIONS, 
AND PATHOPHYSIOLOGY

Simple Grafts versus Composite Grafts

A graft is a tissue that is completely separated 
from the donor tissue bed and all vascular con-
nections. By defi nition, the nonvascularized 
graft must rely on ingrowth of new blood ves-
sels from the recipient bed for adequate blood 
supply. Grafts rely on the nutrients and growth 
factors present in the recipient bed to meet 
their metabolic requirements for the fi rst few 
days until angiogenesis occurs. During this ini-
tial period, there will be a low oxygen tension 
within the graft area. It is therefore essential 
that the graft recipient bed be of optimal con-
dition to allow successful take of the graft.

Grafts may be classifi ed as simple or com-
posite. Simple grafts are composed of a single 
tissue type, whereas composite grafts consist 
of two or more tissue types. The classic 
example of the simple graft is the skin graft. 
Other types of simple tissue grafts include 
cartilage, bone, and fat. Composite grafts are 
made up of more than one tissue and may 
contain subcutaneous fat, cartilage, and full-
thickness skin. Because composite grafts gen-
erally contain multiple tissue types, they have 
an inherently higher metabolic requirement 
and, therefore, are more susceptible to isch-
emic insult than simple grafts.

Flap Classifi cation Based 
on Blood Supply

A fl ap by defi nition is a vascularized piece of 
tissue that remains attached to its donor 
blood supply or becomes revascularized via 

microsurgical anastomoses to recipient ves-
sels, as is the case with free tissue transfers. 
Because fl aps are vascularized tissues, they 
may be classifi ed on the basis of the origin of 
their blood supply. Flaps classifi ed by blood 
supply may be random or axial. Because 
HBOT for compromised fl aps involves en-
hancing oxygenation of troubled circulation, 
understanding the underlying blood supply 
for a particular fl ap is of critical importance.

Random fl aps receive their blood supply in-
directly from the subdermal vascular plexus 
and not directly from a specifi c blood vessel 
(Fig. 17.1). Classically, random fl aps are raised 
and transferred on the basis of a length-to-width 
ratio of 2:1.4 Random fl aps are inherently more 
sensitive to ischemia than axial fl aps because of 
their less robust blood supply. A limitation of 
the random fl ap is its restricted arc of rotation 
where any excessive tension will compromise 
blood supply to the fl ap. Compromise and distal 
necrosis in a random fl ap are typically the result 
of an improper fl ap design.

Axial fl aps receive their blood supply on 
the basis of a named blood vessel. This allows 
the fl ap to be designed longer and narrower 
than a random fl ap. In addition, because the 
fl ap can be isolated on the pedicle artery and 
vein alone, the fl ap has a consistent blood sup-
ply that will typically have a larger arc of rota-
tion than a random fl ap. Flaps that are isolated 
on the supplying artery and vein alone are 
referred to as pedicle fl aps. Distal compro-
mise or necrosis in axial fl aps usually results 
from trying to transfer tissue outside of the 
defi ned arterial supply of the pedicle or an 
intrinsic problem with the pedicle such as 
kinking or external compression.

In addition to local pedicle fl aps, distant 
fl aps can be either pedicle based or free. Dis-
tant fl aps are staged axial fl aps that receive 
their name because the recipient site is at a 
distant site. These fl aps are unique in that they 
require adequate growth of new blood supply 
from the recipient site into the distal end of 
the fl ap before division of the proximal donor 
pedicle. The timing of division of the proximal 
pedicle is crucial because the fl ap will not 
survive unless adequate angiogenesis has oc-
curred from the recipient site to provide 
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blood circulation to the fl ap. This will typically 
take approximately 3 to 4 weeks. The classic 
example of this fl ap is the groin fl ap based 
on the superfi cial circumfl ex iliac vessels. Free 
fl aps are also axial-type fl aps, the recipient 
sites of which are at locations distant to the 
donor site. In contrast with distant pedicle 
fl aps, however, the donor pedicle vessels are 
isolated, transected, and then reanastomosed to 
recipient vessels in proximity to the recipient 
wound site. Advantages of this technique in-
clude a robust blood supply, a single-stage 
procedure, and the multiple possibilities for 
donor sites for a given defect. Disadvantages 
include increased technical diffi culty and the 
potential for complications at the anastomotic 
sites. Free fl aps exposed to prolonged isch-
emia are also at risk for ischemia-reperfusion 
(IR) injury (Table 17.1).

Flap Classifi cation Based 
on Tissue Type

Flaps may also be classifi ed on the basis of their 
tissue composition. Flaps may be composed of 
skin, muscle, fascia, or bone. Alternatively, fl aps 

can be designed with a combination of these 
tissues such as musculocutaneous, fasciocuta-
neous, or osteofasciocutaneous fl aps. Knowl-
edge of the tissues that compose a fl ap leads to 
an understanding of the ischemic tolerance of 
the fl ap. Skin has an extremely high tolerance 
for ischemia, whereas muscle is much more 
susceptible. In addition, skeletal muscle is at 
risk for IR injury once circulation is restored.

As mentioned earlier, HBOT is unnecessary 
and is not recommended for the success of 
normal, well-designed grafts or fl aps. Thourani 
and colleagues5 demonstrated a greater than 
90% success rate for 599 skin grafts in 233 con-
secutive patients on a variety of suitable graft 
beds over a 2-year period. Similar results can be 
expected with well-designed fl aps performed 
by technically capable surgeons. Over a 14-year 
period using free fl aps in 346 patients for 
reconstruction of head and neck tumor extirpa-
tions, Podrecca and investigators6 demonstrated 
a 95% success rate in patients with a mean age 
of 57 years. It is when fl aps become compro-
mised that HBOT may be prudently used as a 
successful adjunct for fl ap salvage. Recognizing 
the pathophysiology and clinical manifestations 
of the compromised graft or fl ap is therefore of 

RANDOM/RANDOM CUTANEOUS PATTERN SKIN FLAPS

Dermal-subdermal plexus

Perforating aa.

Segmental aA
Muscle

AXIAL/ARTERIAL PATTERN SKIN FLAPS

Direct cutaneous a & v.B

Figure 17.1 Classic classifi cation of skin 
fl aps. A, Random pattern fl aps. B, Axial 
pattern fl aps. a, artery; aa, arteries; v, vein.

              



the utmost importance for the surgeon and hy-
perbaric physician to critically evaluate and 
appropriately prescribe the use of HBOT.

Ischemia, Ischemia-Reperfusion, 
and the Microcirculation

Ischemia is the usual cause of graft and fl ap 
compromise. Ischemia results in an inade-
quate supply of oxygen to meet the metabolic 
demands of the graft or fl ap. Tissue hypoxia 
results in overall poor wound healing second-
ary to multiple factors. The neutrophil and 
macrophage both require oxygen to function 
during the infl ammation phase of wound heal-
ing where they play a crucial role in killing 
microorganisms and preventing infection.7 In 
addition, during the repair and remodeling 
stages of wound healing, oxygen is required 
by fi broblasts for collagen synthesis and is 
important ultimately for remodeling and col-
lagen cross-linking.8 The lack of oxygen in the 
hypoxic wound, therefore, can lead to prob-
lems with chronic infection and delayed 
wound healing. HBOT is effective in reversing 
these effects in the proper clinical situations.

Oxygen delivery to tissues is defi ned by the 
equation:

Oxygen delivery (DO2) � CO � [(1.34 � 
Hgb � SaO2

) � (0.003 � PaO2
)]

where CO � cardiac output; Hgb � hemoglo-
bin level; SaO2

 � arterial oxygen saturation; 
and PaO2

 � partial pressure of oxygen in arte-
rial blood. The term of the equation 1.34 � 
Hgb � SaO2

 represents the contribution of 
hemoglobin to oxygen concentration. In the 

second term of the equation, 0.003 represents 
the solubility of oxygen in plasma at the nor-
mal body temperature of 37�C. Therefore, the 
term of the equation 0.003 � PaO2

 represents 
the expected concentration of dissolved oxy-
gen.9 During normal respiration, the amount 
of oxygen dissolved in plasma is insignifi cant. 
With HBOT, however, oxygen tensions are in-
creased 10 to 13 times above their normal 
level, and the oxygen-carrying capacity of the 
blood via plasma is increased by 25%.10 This 
increase is inconsequential for normal tissue. 
However, problem wounds and compromised 
grafts and fl aps often have partially occluded 
capillaries secondary to microthrombi that 
restrict the passage of red blood cells.11 Yet 
plasma is still able to fl ow through these capil-
laries, making the dissolved oxygen in plasma 
signifi cant. Krogh12 has shown that in these 
capillaries that contain only plasma at 2 atmo-
spheres of pressure (ATA), the oxygen con-
centration on the arterial side is increased 
fourfold and O2 concentration on the venous 
side is increased twofold in comparison with 
normal inspired air. This effectively allows the 
plasma to be capable of carrying enough oxy-
gen to meet the needs of the ischemic tissue 
without hemoglobin-bound oxygen.13

IR injury may result from prolonged isch-
emia time with free fl aps or after the restora-
tion of blood fl ow to the fl ap after complete 
arterial occlusion. The mechanism of IR injury 
revolves around the production of oxygen-
derived free radicals.14,15 These free radicals are 
extremely toxic to all biologic substances and 
result in cell death secondary to lipid peroxida-
tion and propagation of more free radicals. 
Neutrophils are an important source of these 

Table 17.1 Flap Classifi cation Based on Blood Supply

FLAP TYPE DESCRIPTION

Random No direct arterial blood supply; blood supply is by the dermal and subdermal plexus
Axial Blood supply is directly from a specifi c artery
Local The employment of adjacent tissue for fl ap use
Distant The employment of distant tissue for fl ap use
Pedicle Describes a fl ap raised and based on an intact arterial and venous blood supply
Free Describes a fl ap in which the arterial and venous blood supply is divided and reattached to another location 

by microsurgical anastomosis
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oxygen free radicals in IR injury. Research on 
the effects of IR on the microcirculation in 
skeletal muscle demonstrates signifi cant neu-
trophil adhesion to postcapillary venules dur-
ing reperfusion16–18 (Fig. 17.2). These adherent 
leukocytes release oxygen free radicals, caus-
ing injury to the vascular endothelium, which 
leads to tissue edema. In addition, severe vaso-
constriction of precapillary arterioles occurs, 
exacerbating the low fl ow state.19,20,23 The re-
sultant ischemia coupled with the edema leads 
to progressive tissue hypoxia, and ultimately to 
fl ap necrosis and failure.

HBOT has been shown experimentally to 
attenuate the effects of IR injury and reduce 
tissue necrosis in both skin fl aps and skeletal 
muscle.1,21,22 Using a rat gracilis muscle model, 
Zamboni and coworkers23 studied the effect 
of HBOT on the microcirculatory morphol-
ogy during IR. This study specifi cally evalu-
ated leukocyte endothelial adherence and 
vasoactivity via measurement of precapillary 
arteriole diameters. Examining the microcir-
culation of the gracilis muscle in this model, 
the authors demonstrated a signifi cant reduc-
tion of leukocyte adherence to postcapillary 
venules in tissue treated with HBOT both 
during and immediately after 4 hours of isch-
emia. In addition, the progressive arteriolar 
vasoconstriction was also inhibited by HBOT 
administered during and up to 1 hour after 
reperfusion. Subsequent studies have shown 
that the neutrophil adhesion associated with 
IR injury is dependent on the �2 integrin 
(CD18 chain) on the neutrophil membrane 
surface.24,25 More recent work has shown 

that the benefi cial effects of HBOT on IR in-
jury are mediated by nitric oxide via a nitric 
oxide synthase pathway, and that vascular 
endothelial growth factor is an important 
early initiator of this effect.26–30 The patho-
physiology of ischemia and IR injury is dis-
cussed in further detail in Chapter 9.

DIAGNOSIS AND TREATMENT 
OF THE COMPROMISED GRAFT

Although skin grafts and composite grafts are 
often classifi ed together with compromised 
fl aps, these two entities are different from a 
physiologic standpoint. As described earlier, 
all fl aps by defi nition have an inherent blood 
supply, whereas skin and composite grafts are 
avascular tissues that depend on the quality 
of the recipient bed for revascularization. 
Therefore, the diagnosis of a compromised 
graft begins with proper assessment of the 
recipient wound bed. Indeed, the most effec-
tive treatment for the compromised graft is 
prevention. Unlike the treatment for compro-
mised fl aps that may be salvaged with HBOT 
after surgery, the goal for successful grafting 
is in preparing the hypoxic, compromised 
recipient bed before placement of the graft.

Recognizing the Problem Wound Bed

Appropriate diagnosis of the problem wound 
requires the physician to determine the cause 
of nonhealing. Numerous factors can delay 

Figure 17.2 Neutrophil adherence to the 
endothelium of an ischemic postcapillary 
microvenule at 15 minutes of reperfusion. 
The leukocytes are marked by arrows and 
are easily identifi ed by their characteristic 
size and whitish color. (See Color Plate 24.)
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wound healing. This section focuses on diag-
nosing the problem wound recipient bed that 
will lead to compromised graft take without 
proper adjunctive treatment.

As mentioned earlier, the ultimate cause of 
a compromised graft is ischemia. Poor tissue 
perfusion and oxygenation results in a hy-
poxic wound bed that will be inadequate for 
proper graft take. The diagnosis of a hypoxic 
wound bed begins with a complete history 
and physical examination. Essential compo-
nents of the history include duration of the 
defect, changes in wound size, associated 
trauma or infections, history of radiation ex-
posure, previous surgeries, current wound 
care, and any comorbidities such as diabetes, 
peripheral vascular disease, connective tissue 
disorders, or use of immunosuppressants and 
steroids. Physical examination should focus 
on wound location, size, depth (including 
types of tissue involved or bone exposure), 
peripheral pulses, and signs of infection. 
Quantitative tissue cultures are warranted 
in wound beds that are suspected of being 
infected or in chronic wounds that have his-
tory of recurrent infections. Wounds with 
greater than 105 colony-forming units per 
gram of tissue are, by defi nition, infected and 
will not allow successful graft take.31 Deter-
mination of ankle–brachial index will give a 
quick and fairly reliable estimation of lower 
extremity perfusion. A low ankle–brachial 
index suggests poor distal extremity blood 
fl ow and should be evaluated by a vascular 
surgeon for a reconstructible lesion. The pres-
ence or absence of granulation tissue also 
provides clues to the adequacy of wound 
perfusion. A well-oxygenated, healthy wound 
will have beefy, red granulation tissue pres-
ent, whereas a hypoxic wound will have pale, 
friable, or nonexistent granulation.

Lower extremity wounds are widely prev-
alent and necessitate the evaluation of both 
tissue perfusion and tissue oxygenation. The 
assessment of ischemia begins with noninva-
sive arteriole Doppler studies including an 
ankle–brachial index. This workup may also 
include examination of segmental and toe 
pressures in addition to transcutaneous 
oximetry. Segmental and toe pressures assess 

tissue perfusion, whereas transcutaneous 
oximetry examines tissue oxygenation, and 
these measures should generally be part of 
the routine evaluation of any nonhealing 
wound. Normal wounds require a value of at 
least 50 mm Hg for toe pressure and transcu-
taneous partial pressure of oxygen tension 
(tcPO2) to heal adequately and sustain a graft. 
Values between 30 and 50 mm Hg are con-
sidered marginal, and a tcPO2 or toe pressure 
less than 30 mm Hg indicates that the wound 
bed will not likely heal or sustain a graft 
without adjunctive treatment.32 The neces-
sity of evaluating both oxygenation and per-
fusion is illustrated in the ischemic diabetic 
foot wound. In diabetic lower extremity 
wounds, it is not unusual to see segmental 
and toe pressures that are normal or slightly 
increased while simultaneously exhibiting 
a low tcPO2. This may be explained physio-
logically by multiple factors including the 
noncompressible, calcifi ed vessels and poor 
microcirculation that characterize patients 
with diabetes.2,33 In effect, these values sug-
gest adequate large-vessel perfusion but poor 
oxygenation of the wound bed possibly 
secondary to problems with the microcircu-
lation, potentially explaining the diffi culties 
with healing.

Another cause of impaired wound healing 
that results in a hypoxic wound bed is radia-
tion therapy. Radiation can have both acute 
and chronic effects on the skin and underly-
ing tissue. Acute effects include erythema, 
desquamation, and ulceration. Delayed and 
chronic effects include thickening and fi bro-
sis of the affected tissue, telangiectasias, ne-
crosis, and tumorigenesis. Radiation damage 
affects the blood vessels of the affected skin, 
resulting in a hypoxic wound bed. In addi-
tion, the oxygen gradient decreases from the 
wound edge to the center of the radiated 
wound at such a gradual rate that the typical 
hypoxic stimulus for angiogenesis is not ini-
tiated.34 Studies of the microvasculature in 
irradiated tissue demonstrate evidence of 
endarteritis obliterans on histologic exami-
nation.35,36 All of these factors result in a 
hypoxic wound bed that characteristically 
has poor formation of granulation tissue.
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Management of the Hypoxic, 
Compromised Wound Bed

Management of the hypoxic wound bed in 
preparation for a graft involves control of infec-
tion and correction of perfusion and oxygen-
ation defi ciencies. Control of infection includes 
surgical debridement of all necrotic and in-
fected tissue when necessary and the proper 
use of topical antimicrobial wound dressings. 
When quantitative wound cultures can reliably 
demonstrate less than 105 colony-forming units 
of bacteria per gram of tissue, the wound can 
be safely considered free of infection and suit-
able for grafting. In the evaluation of tissue 
perfusion, a vascular surgery consultation, with 
arteriogram or magnetic resonance angiogra-
phy as warranted, will help to rule out a vascu-
lar lesion that may be treated with bypass 
or dilation and stenting. If the patient has no 
reconstructible vascular lesion, an evaluation 
for the effi cacy of HBOT is indicated.

HBOT may be a useful adjunct in prepara-
tion of the compromised wound bed for graft-
ing if the oxygen tension within the tissue can 
be increased to therapeutic levels.2,32,37,38 To 
determine whether HBOT will be effective for 
a compromised wound bed, an oxygen chal-
lenge is indicated. Many authors have con-
ducted studies with an oxygen challenge 
breathing 100% normobaric oxygen. Critical 
values of tcPO2 used to predict healing range 
from 50 to 100 mm Hg to an increase of more 
than 10 mm Hg after inhalation of 100% oxy-
gen.37,39–42 The wide range of values used with 
100% oxygen make this criterion less than 
optimal. In fact, patients with a minimal 100% 
O2 mask response will respond with signifi -
cant increase in tcPO2 in the hyperbaric cham-
ber. Strauss and investigators43 have conducted 
studies examining tcPO2 measurements with 
HBOT and wound healing and found that an 
increase in tcPO2 to greater than 200 mm Hg 
during HBOT at 2.5 ATA resulted in wound 
healing in more than 80% of problem wounds 
regardless of room air measurements. Quigley 
and Faris44 used tcPO2 measurements to deter-
mine the severity and clinical progression of 
peripheral vascular disease and demonstrated 

that values less than 40 mm Hg were associ-
ated with poor ulcer healing in patients with 
diabetes. Therefore, in the absence of a recon-
structible vascular lesion, if the wound tcPO2 is 
less than 40 mm Hg, the wound should be 
considered hypoxic and treatment with HBOT 
is recommended.32 If the tcPO2 increases to 
greater than 200 mm Hg while undergoing 
HBOT, the wound bed has an excellent chance 
of producing enough granulation tissue to 
support a graft and may potentially go on to 
complete healing45 (Fig. 17.3). In these pa-
tients, HBOT should be continued, preferably 
on an outpatient basis, with daily treatments of 
100% oxygen at 2.4 ATA for 90 minutes fi ve 
times per week. Repeat wound tcPO2 measure-
ments should be documented routinely on 
a weekly basis with the patient breathing 
room air and at least 12 hours after an HBOT 
treatment. Once tcPO2 levels are greater than 
40 mm Hg, HBOT can be discontinued and 
routine wound care should be continued until 
surgery can be scheduled for graft placement.

Rationale for Hyperbaric Oxygen 
Treatment of the Compromised Graft

The most effective treatment for the compro-
mised graft is prevention with good surgical 
planning and proper preparation of an ade-
quate wound bed. However, situations may 
occur where the recipient wound bed isch-
emia is unrecognized or harvest of a compos-
ite graft is larger than what can reasonably 
be sustained by the recipient bed. Although 
these situations are not encouraged and can 
be avoided with good surgical judgment and 
operative planning, HBOT has been advocated 
by some as a salvage therapy for the compro-
mised graft.1–3,37 Some corroborating studies 
in the literature that involve the use of HBOT 
in compromised grafts are presented here.

In 1967, Perrins and Cantab46 conducted 
the only controlled clinical study specifi cally 
evaluating the use of HBOT for success of 
split-thickness skin graft (STSG) take after sur-
gery. Their study was a prospective, random-
ized, blinded trial of 48 patients undergoing 
split-thickness skin graft with 50% of the 
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Figure 17.3 A, A 78-year-old patient with a limb-threatening diabetic foot wound. The initial perfusion pressure 
was normal, but transcutaneous partial pressure of oxygen (tcPO2) tension was low. B, Wound after initial surgical 
debridement and after 15 hyperbaric oxygen therapy (HBOT) treatments. C, Postoperative follow-up view of wound 
after 30 HBOT treatments with successful healing. (See Color Plate 25.) (Adapted from Zamboni WA: 
Applications of hyperbaric oxygen therapy in plastic surgery. In: Oriani G, Marroni A, Wattel F (eds): 
Handbook on Hyperbaric Medicine. New York, Springer, 1995, pp 443–507, by permission.)
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patients receiving HBOT after surgery and 
50% serving as control subjects. HBOT was 
administered for 2 hours at 2.0 ATA on the 
evening of the operation and then twice daily 
for 3 days. Complete graft take was defi ned as 
greater than 95% total surface area. A signifi -
cant 29% improvement in graft survival of the 
HBOT group occurred in comparison with 
the control group. The HBOT group had 64% 
of patients achieving complete take, whereas 
this was true in only 17% of the control group. 
Furthermore, 100% of patients in the HBOT 
group achieved greater than 60% take, whereas 
only 64% of the control group sustained 
at least 60% take of their split-thickness skin 
grafts. It is unclear why the overall graft sur-
vivals in this study were so low when most 
plastic surgeons would expect greater than 
90% take of a split-thickness skin graft with an 
adequate recipient bed. Although the cause 
behind the apparent graft compromise in this 
study is uncertain, this trial clearly demon-
strates a benefi t to postoperative HBOT.

In contrast with skin grafts, no prospective, 
randomized clinical trials have evaluated the 
effi cacy of HBOT for compromised composite 
grafts. There are, however, multiple case re-
ports and controlled animal experiments that 
provide information. Three separate case stud-
ies with a total of eight patients demonstrated 
successful take of large composite grafts rang-
ing from 1.7 to 2.2 cm after treatment with 
HBOT at 2.0 ATA twice a day until complete 
graft take.47–49 In a separate series of six pa-
tients, Friedman and colleagues50 performed 
nasal reconstructions with large composite 
ear lobule grafts up to 1.5 cm. HBOT was used 
because the shaping of the composite grafts 
adversely affected the normal vascular archi-
tecture of the graft. All grafts ultimately 
showed complete take.

Controlled animal studies have had some 
confl icting results. McFarlane and Wermuth51 
demonstrated that large composite musculocu-
taneous grafts in rats treated with HBOT for 
2 hours/day at 3.0 ATA could be salvaged. Half 
of the grafts in the experimental group had 
partial necrosis and half had complete graft 
survival, whereas all control grafts had com-
plete necrosis. Zhang and coworkers52 demon-

strated a signifi cant 57% increased surface area 
survival in 1.0 � 0.5 cm composite rat ear 
grafts treated with HBOT compared with con-
trol subjects. Other studies have not been as 
promising. Both Rubin and investigators53 and 
Lim and coauthors54 examined the benefi ts of 
HBOT on large 4-cm � 2-cm skin and cartilage 
composite grafts in rabbits. Both studies dem-
onstrated a slightly greater percentage of graft 
survival than control animals, but the results 
were not signifi cant and the fi nal survival rates 
would not be clinically meaningful—30.5% for 
the fi rst trial and 15.4% for the second trial. 
Mazolewski and colleagues55 investigated the 
use of HBOT on rat ear composite graft sur-
vival but found no signifi cant effect on grafts 
larger than 1 cm. It is clear from these confl ict-
ing results that further research and clinical 
trials are warranted to clearly demonstrate the 
effects of HBOT on composite graft survival.

DIAGNOSIS OF THE COMPROMISED 
FLAP AND CRITERIA FOR USE 
OF HYPERBARIC OXYGEN THERAPY

The compromised fl ap is a specifi c entity that 
requires an accurate diagnosis for proper and 
successful treatment. Unfortunately, an all too 
common scenario occurs when a truly com-
promised fl ap is allowed to progress steadily to 
signs of necrosis. Usually, it is at this point that 
the surgeon consults the hyperbaric physician 
in hopes that HBOT can save the fl ap. Regret-
tably, once the fl ap has demonstrated signs 
of necrosis, this typically obviates the use of 
HBOT because it cannot salvage dead tissue. To 
prevent disappointment and a poor outcome, 
three major points must be considered in the 
successful management of the compromised 
fl ap. The three keys to successful treatment of 
the compromised fl ap are listed in Table 17.2.

It is crucial for the plastic surgeon to imme-
diately recognize the signs of a compromised 
fl ap, to correctly assess the cause, and to 
quickly consult the hyperbaric physician. The 
hyperbaric physician must be able to accu-
rately diagnose the cause of fl ap compromise 
to initiate the proper protocol for successful 
fl ap salvage.
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Clinical Manifestations of 
the Compromised Flap

The technique of fl ap monitoring is both an art 
and a science. As such, there are both clinical 
and nonclinical modalities available to the phy-
sician to diagnose fl ap compromise. Nonclini-
cal adjuncts to physical examination include 
monitoring via Doppler probe (internal or ex-
ternal), laser Doppler scanning, transcutaneous 
oximetry (tcPO2), temperature and pH probes, 
fl uorescein injection and mapping, color du-
plex imaging, lactic acid monitoring with mi-
crodialysis, and photoplethesmography.56 Many 
authors have found these monitoring devices 
useful in the postoperative period and have 
reported successful salvage of fl aps on the 
basis of abnormal readings, sometimes even 
before clinical signs were apparent.57–66 How-
ever, although these methods undoubtedly 
have merit, none is without its own drawbacks, 
including false-negative and false-positive results. 
Moreover, no technique has gained universal 
acceptance. It has been well documented that 
circulation disturbances, edema within the fl ap, 
motion or vibration of the tissue or probe, par-
tial probe detachment, accumulation of clot on 
the probe, or intrinsic mechanical failure can 
all cause a false sense of security or unneces-
sary return to the operating room.67–70

In general, clinical evaluation provides the 
best method for monitoring and diagnosis of 
the compromised fl ap.71 Careful clinical eval-
uation of all fl aps after surgery should include 
assessment of color, capillary refi ll, tempera-
ture, and bleeding to pinprick. These four 
parameters can help to diagnose the majority 
of fl ap problems and signifi cantly contribute 
to fl ap salvage. In a review of 150 consecutive 
cases out of Memorial Sloan-Kettering Cancer 
Center, Hidalgo and Jones72 demonstrated the 
effi cacy of clinical monitoring and the role 
of aggressive, early surgical re-exploration to 
increase fl ap survival from 90% to 98%. A 
wealth of clinical and experimental studies 
(see reviews in the following sections) has 
demonstrated that HBOT is a useful adjunct 
for salvage of compromised fl aps in the 
proper settings. The recommended clinical 
criteria for the use of HBOT in fl ap salvage 
are presented in Table 17.3.

The cause of fl ap compromise can be di-
vided into technical and nontechnical factors. 
Technical problems can be caused by several 
factors including improper fl ap design, clo-
sure with tension, pedicle or tissue damage, 
hematoma causing external compression, or 
prolonged operative ischemia. Nontechnical 
causes of fl ap compromise include arterial 
vasospasm, fl ap edema, postoperative infec-
tion, and patient deterioration. In general, fl ap 
compromise can be classifi ed into one of fi ve 
general categories:

1. Random ischemia
2. Low arterial infl ow
3. Total arterial occlusion
4. Partial venous congestion
5. Total venous occlusion

Table 17.3 Criteria for the Appropriate Use of Hyperbaric Oxygen Therapy in Flap Salvage

From Zamboni WA: Applications of hyperbaric oxygen therapy in plastic surgery. In: Oriani G, Marroni A (eds): Handbook on Hyperbaric Medicine. New York, 
Springer, 1995, pp 443–507.

Table 17.2 Keys to Successful Management 
of the Compromised Flap

1. Accurate diagnosis of the specifi c fl ap problem
2. Expedient initiation of hyperbaric oxygen therapy
3. Good, open communication between the surgeon and the 

hyperbaric physician
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For each of these categories, the following 
sections outline the pathophysiology, clinical 
signs, and treatment, together with the re-
search and clinical experience behind the ra-
tionale for using HBOT in the salvage of com-
promised fl aps.

Random Ischemia

Random fl aps have an indirect blood supply 
that makes these fl aps the most vulnerable 
to ischemia. However, with the growing ad-
vances in fl ap design and the continuously 
developing knowledge of the cutaneous 
blood supply, including perforating vessels, 
the choice of fl aps for reconstruction has 
undergone signifi cant evolution. The avail-
ability of axial fl aps and the ongoing refi ne-
ments with microsurgery and free tissue 
transfers allow the reconstruction of almost 
all defects without reliance on random blood 
supply.

Nevertheless, situations occur when a de-
signed fl ap does not go entirely as planned. 
When an axial fl ap is inadvertently elevated at 
a length that exceeds the vascular territory 
supplied by the artery, this situation effectively 
creates a random extension of the axial fl ap. 
Compromise and necrosis of the random fl ap 
will invariably occur at the distal portion of 
the fl ap. Another scenario that may be en-
countered is premature division of a distant 
pedicle fl ap. As discussed earlier, a distant fl ap 
requires the growth of new blood supply from 
surrounding tissues into the distal end of the 
fl ap before division of the proximal pedicle. 
When divided prematurely before suffi cient 
vascular ingrowth, this fl ap essentially behaves 
as a compromised random fl ap. Clinically, 
random ischemia presents within the fi rst 
24 hours after surgery71 with a progressively 
dusky appearance that ultimately becomes 
fairly well demarcated and may be associated 
with epidermolysis (Fig. 17.4).

Many published experimental studies have 
evaluated the effi cacy of HBOT for random 
fl ap compromise.73–91 The majority of these 
experimental trials have demonstrated a ben-
efi cial response with an approximately 15% 
to 30% improvement in survival with HBOT 

compared with no treatment. HBOT has also 
been shown in some experimental models to 
be synergistic with other adjuncts including 
pentoxifylline, tocopherol, superoxide dis-
mutase, nicotinamide, and catalase, with im-
provements in fl ap survival of 45% to 65% 
compared with control subjects.92–94 In addi-
tion to the animal studies, some retrospective 
clinical investigations have shown a benefi t 
to fl ap salvage with HBOT.95,96 In these stud-
ies, approximately 50% of those treated 
achieved 100% fl ap recovery, with many more 
achieving marked improvements. One such 
study by Ueda and coauthors97 demonstrates 
the benefi t of HBOT not only in the distal, 
compromised portion of axial fl aps, but also 
in ischemic distant fl aps such as the forehead 
fl ap. The effi cacy of HBOT was linked to the 
timing of the onset of therapy, with those 
treated early achieving the greatest benefi t.

As demonstrated by the available experi-
mental and clinical literature, loss of the com-
promised portion of a random fl ap can be 
minimized with timely HBOT. Although ran-
dom fl ap compromise may not be recognized 
until 24 to 48 hours after surgery, HBOT should 
be initiated as soon as any visible signs are pres-
ent. The recommended clinical treatment regi-
men consists of HBOT for 90 to 120 minutes at 
2.0 to 2.5 ATA twice a day for 48 to 72 hours 
as outlined in the most recent Hyperbaric 
Oxygen Therapy Committee Report.98 This 
schedule should be followed with daily treat-
ments until complete healing is achieved. This 
protocol can often require a total of 20 to 
30 treatments to obtain satisfactory fl ap sal-
vage, and utilization review should be per-
formed after 20 treatments.

Low Arterial Infl ow

Low arterial infl ow can occur in pedicle and 
free fl aps from a few different causes. This 
situation may arise if edema in the tissues 
around the pedicle is partially obstructing in-
fl ow. Partial arterial obstruction may also oc-
cur secondary to postoperative hematoma 
around the pedicle. A third cause can be 
when the pedicle artery is subject to intermit-
tent vasospasms. Accurate diagnosis of low 
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Figure 17.4 A, Distal lower extremity 
wound with exposed hardware requiring 
coverage. B, The hardware has been 
covered with a local fasciocutaneous fl ap. 
C, Evidence of compromise and impending 
necrosis in the distal random portion of 
the fl ap. The patient was started on the 
compromised fl ap hyperbaric oxygen therapy 
(HBOT) protocol. D, Appearance of the fl ap 
after 10 treatments with improved appear-
ance of the compromised portion of the fl ap. 
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arterial infl ow is predominantly a clinical one. 
The most notable aspects of physical exami-
nation that can help differentiate low arterial 
infl ow from other pedicle-related causes of 
fl ap compromise include fl ap color, tempera-
ture, and capillary refi ll71,99 (Table 17.4).

The clinical presentation of low arterial 
infl ow in the compromised fl ap is essentially 
one of a pale pink fl ap that demonstrates slow 
capillary refi ll. This slow capillary refi ll may be 
intermittent if the cause is sporadic vasospasm. 
The fl ap will also feel cool to touch secondary 
to the compromised infl ow to the tissue. The 
primary treatment for low arterial infl ow is 
surgical re-exploration. The goal of operative 
intervention should be to ensure that a hema-
toma, anatomic kinking, or twisting of the 
pedicle is not present. In addition, the presence 
of edema or excessive tension of wound clo-
sure compromising arterial infl ow may also be 
discovered. If no surgically treatable condition 

is found on exploration and low arterial infl ow 
persists, then HBOT is indicated. The treatment 
should encompass a multimodality approach 
when necessary. If arterial vasospasm is sus-
pected, vasodilators should be administered. 
In addition, dextran and pentoxifylline can 
be given for rheologic purposes.71,100–102 The 
recommended HBOT clinical protocol is simi-
lar to random ischemia and involves treatment 
twice a day for 48 to 72 hours followed by daily 
treatments until fl ap compromise is resolved98 
(Table 17.5).

Total Arterial Occlusion

Total arterial occlusion is a postoperative 
fl ap complication that is devastating but eas-
ily recognizable. On clinical examination, 
the fl ap devoid of arterial infl ow is pale 
white with complete absence of capillary 
refi ll. This fl ap will also be cold to touch. 

E

Figure 17.4 Cont’d E, Complete healing 
was achieved after 20 treatments with 
salvage of the compromised portion. 
(See Color Plate 26.) (Adapted from 
Zamboni WA: Applications of hyper-
baric oxygen therapy in plastic sur-
gery. In: Oriani G, Marroni A, Wattel F 
(eds): Handbook on Hyperbaric 
Medicine. New York, Springer, 1995, 
pp 443–507, by permission.)

Table 17.4 Clinical Findings in Compromised Flaps

LOW ARTERIAL INFLOW PARTIAL VENOUS CONGESTION RANDOM ISCHEMIA

Pale pink Dusky pink Progressively dusky
Slow capillary refi ll Brisk capillary refi ll Epidermolysis
Cool Cool

TOTAL ARTERIAL OCCLUSION TOTAL VENOUS OCCLUSION ISCHEMIA-REPERFUSION INJURY

Pale white Dark blue Delayed, dark patchy areas
Absent capillary refi ll Absent capillary refi ll Random distribution
Cold Cold
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Furthermore, the fl ap will not bleed to 
pinprick. A number of potential causes of 
infl ow obstruction exist. Low arterial infl ow 
can progress to complete obstruction with 
progressive edema or hematoma compress-
ing the pedicle. There may also be severe 
anatomic kinking or twisting of the pedicle 
preventing fl ow to the fl ap. Intraoperatively, 
there may have been intrinsic damage to the 
arterial pedicle of the fl ap. If the fl ap is a free 
tissue transfer, thrombosis at the arterial 
anastomotic site can also cause total arterial 
occlusion. After diagnosis of this cause of 
fl ap compromise, the primary treatment goal 
is immediate surgical re-exploration. Primary 
therapy with HBOT is not indicated before 
surgical exploration. In addition, if no fl ow 
can be reestablished after surgical interven-
tion, the benefi ts of the increased partial 
pressure of oxygen dissolved in plasma can-
not access the microcirculation and HBOT 
will not likely be effective.2

However, if the arterial problem is cor-
rected surgically and the fl ap has sustained a 
signifi cant period of warm ischemia, then 
HBOT is indicated after surgery after reestab-

lishment of arterial infl ow. The initial treat-
ment should be administered soon after sur-
gery if the patient remains stable after surgery 
under close observation in the recovery 
room. The clinical rationale behind HBOT for 
the compromised fl ap in this situation is to 
prevent further insult to the fl ap from subse-
quent IR injury after reestablishing infl ow. 
The recommended clinical treatment proto-
col is therefore similar to that used to treat 
acute traumatic ischemia. HBOT should be 
initiated at 2.0 to 2.5 ATA for 90 to 120 min-
utes every 8 hours for the fi rst 24 hours. This 
should be followed with HBOT every 8 to 
12 hours for the next 48 hours.98 Treatments 
can be discontinued when clinical signs of 
complete fl ap viability are present. Clinical 
experience suggests that, in most cases, the 
expected IR injury after reestablishment of 
infl ow to the compromised fl ap can be 
reversed by early HBOT. In addition, our ex-
perience has shown that it is rarely neces-
sary to administer treatment for more than 
72 hours unless fl ap compromise persists 
and as long as the initial treatment is initiated 
within 4 hours after surgery.

Table 17.5 Recommended Treatment Protocols

CAUSATIVE FACTORS 
OF COMPROMISE

HYPERBARIC OXYGEN THERAPY PROTOCOL NECESSARY ADJUNCTS

Random ischemia 2.0–2.5 atmospheres absolute (ATA) for 
90–120 minutes twice a day for 48–72 hours, then fol-
lowed by daily treatments until full healing is achieved*

Consider use of vasodilators, dextran, or 
pentoxifylline.

Low arterial infl ow 2.0–2.5 ATA for 90–120 minutes twice a day for 
48–72 hours, followed by daily treatments until full 
healing is achieved

Primary treatment is surgical re-exploration. 
If no correctable cause is found, then start 
HBOT. Consider use of vasodilators, 
dextran, or pentoxifylline.

Total arterial occlusion 2.0–2.5 ATA for 90–120 minutes every 8 hours for the 
fi rst 24 hours, followed by treatment every 8–12 hours 
for the next 48 hours

Surgical re-exploration is mandatory to 
restore infl ow. HBOT should be started only 
if perfusion is documented.

Partial venous 
congestion

2.0–2.5 ATA for 90–120 minutes twice a day for 
7–10 days until venous outfl ow is reestablished

Initial treatment is medicinal or chemical 
leeching. HBOT may be used to help 
support the fl ap.

Total venous congestion 2.0–2.5 ATA for 90–120 minutes every 8 hours for the 
fi rst 24 hours, followed by treatment every 12 hours 
until venous outfl ow is reestablished

Primary treatment is surgical re-exploration 
to resolve venous obstruction. If surgery is 
not possible, HBOT combined with leeching 
may allow fl ap salvage.

Ischemia-reperfusion 
injury

2.0–2.5 ATA for 90–120 minutes every 8 hours for the 
fi rst 24 hours, followed by treatment every 8–12 hours 
for the next 48 hours

Consider use of vasodilators, pentoxifylline, 
dextran, or aspirin.

*Treatment times and pressures vary depending on type of hyperbaric oxygen therapy (HBOT) facility available and patient status, among other factors.
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Many experimental studies on animals have 
been conducted to mimic the situation of 
complete arterial occlusion with subsequent 
reperfusion. Studies conducted on rat skin and 
musculocutaneous fl aps subjected to total 
arterial occlusion by clamping of the vascular 
pedicle and then treated with HBOT demon-
strated a signifi cant increase in fl ap sur-
vival compared with control animals.103–105 
Zamboni and coworkers’ studies105 on micro-
circulation used laser–Doppler fl owmetry to 
demonstrate that treatment with HBOT pro-
duced a signifi cant increase in microvascular 
perfusion of rat skin fl aps subjected to 8 hours 
of ischemia.

Partial Venous Congestion

Partial venous congestion is one of the most 
common causes of compromise in pedicle 
axial fl aps. As in the previous scenarios, the di-
agnosis is made by clinical examination. Partial 
venous congestion presents as a fl ap that is 
cool to touch and dusky pink. Contrary to arte-
rial problems, fl aps with venous congestion 
demonstrate brisk capillary refi ll. The cause 
for congestion, however, may be a mechanical 
cause similar to that of arterial compromise 
including pedicle compression from hematoma 
or edema, anatomic kinking or twisting of the 
pedicle vein, or a wound closure with exces-
sive tension resulting in compression. In addi-
tion to mechanical causes, there are also other 
intrinsic causes of venous congestion.

At times in axial fl aps, the inherent venous 
drainage is inadequate due to the choke sys-
tem between the capillary beds and lack of 
crossing venous branches.106–108 The choke 
system refers to the reduced-caliber (“choke”) 
arteries and arterioles that lead to the capillary 
beds that are matched on the venous side by 
avalvular venules that permit bidirectional 
fl ow and allow equilibration of fl ow and pres-
sure to and from the capillaries.109 Disruption 
of the venous portion of this system during 
fl ap elevation may lead to subsequent conges-
tion secondary to inadequate venous drainage. 
In addition, the operative planning of the fl ap 
may result in the development of reverse ve-
nous drainage such as in the reverse radial 

forearm fl ap. In these cases, a transient conges-
tion of the fl ap occurs until the venous out-
fl ow can be reestablished through branches 
and valve blowout of the venae comitantes. 
These cases typically will resolve without ther-
apeutic intervention. For other causes of ve-
nous congestion, initial treatment consists of 
medicinal or chemical leeching. HBOT can be 
used as an adjunctive treatment to help sup-
port the fl ap while appropriate venous out-
fl ow is being reestablished. This usually occurs 
within 7 to 10 days. The recommended clinical 
protocol should be started within 4 hours of 
recognition of venous congestion and consists 
of HBOT at 2.0 to 2.5 ATA for 90 to 120 min-
utes every 12 hours for 7 to 10 days until the 
signs of venous congestion resolve.98

Total Venous Occlusion

Total venous occlusion can occur in pedicle 
fl aps from the same causes as arterial compro-
mise. These include compression from hema-
toma, twisting, or kinking of the pedicle. In 
the case of free fl aps, thrombosis of the ve-
nous anastomosis is more common than arte-
rial thrombosis.71 Experimental models com-
paring primary arterial and venous ischemia 
have suggested that venous ischemia is more 
deleterious to fl ap survival.110–112 The venous 
occlusion congests the entire microcircula-
tion and ultimately leads to arterial thrombo-
sis followed by complete necrosis of the fl ap. 
The fl ap suffering from total venous occlusion 
will be dark blue with absent capillary refi ll. 
The tissue will be cold to touch because there 
is no fl ow within the fl ap. As with the previ-
ous causes of fl ap compromise, the initial 
treatment consists of emergent surgical explo-
ration to resolve the cause of thrombosis.

The use of HBOT alone for total venous oc-
clusion is not recommended and has been 
shown to be ineffective.113 The use of HBOT 
in a rat axial skin fl ap model of total venous 
occlusion did not improve the 100% necrosis 
rate of control fl aps.113,114 The results of 
these experimental studies show that HBOT 
may play a role, however, in combination with 
the appropriate adjunctive therapy and in the 
proper clinical scenario (Fig. 17.5). In the 
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senior author’s (W. A. Z.) clinical experience 
with cases where surgical intervention is not 
an option secondary to poor patient condi-
tion or patient refusal, fl ap salvage is possible 
with a regimen consisting of medicinal leech-
ing and HBOT (Fig. 17.6). If fl ap compromise 
is diagnosed early enough and arterial infl ow 
remains present, the use of leeches can pro-
vide suffi cient venous outfl ow. This combined 
with the supplemental oxygenation of HBOT 
has been shown experimentally to have an 
added positive effect on fl ap survival.114 
The recommended clinical HBOT protocol 
consists of treatments at 2.0 to 2.5 ATA for 
90 to 120 minutes every 8 hours for 48 hours, 
followed by treatments every 12 hours for 
7 to 10 days until the fl ap restores its own 
venous outfl ow.98

Ischemia-Reperfusion Injury

Free fl aps represent a unique situation and are 
extremely susceptible to compromise for the 
fi rst 24 to 72 hours. Because of the technical 
demands and precise microsurgery required to 
perform these reconstructions, the tissue fre-
quently undergoes a period of primary isch-
emia. If this period is prolonged before revascu-
larization to the recipient vessels, the free tissue 
transfer is subject to compromise secondary to 
both the long primary ischemia and subsequent 
IR injury. This IR injury is typically heteroge-
neous rather than global and presents clinically 
with delayed, dark, and patchy areas in a ran-
dom distribution. As described earlier, IR injury 
may be reversible in its early stages with prompt 
HBOT. Using an animal free-fl ap model, Kaelin 
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Figure 17.5 Experimental studies examin-
ing compromised fl aps with total venous 
occlusion (TVO) demonstrate no change in 
percentage necrosis with hyperbaric oxygen 
therapy (HBOT) alone. However, HBOT in 
combination with leeching demonstrated a 
signifi cant decrease in percentage necrosis 
of the fl ap in comparison with either HBOT or 
leeching alone. *P� 0.05 versus TVO alone; 
�P� 0.05 versus TVO and leeching.

A

Figure 17.6 A, Immediate postoperative view of a free scap-
ular fasciocutaneous fl ap to cover exposed calcaneal tendon in 
an unstable burn scar.

and colleagues115 demonstrated that the salvage 
rate in fl aps which were made ischemic 18 to 
24 hours before revascularization could be 
increased 40% to 60% with HBOT.

Situations that involve postoperative arterio-
venous compromise or occlusion can further 
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complicate matters by introducing a period of 
secondary ischemia to the free tissue transfer. 
Even if the initial operation was successfully 
performed without prolonged initial ischemia, 
any secondary ischemia will have a negative 
impact on fl ap survival. It is well established 
that secondary ischemia contributes to poor 
outcome and is a signifi cant factor in fl ap fail-
ure.71 Revascularization of free fl aps subjected 
to secondary ischemia also places the tissue at 
greater risk for IR injury. In addition, secondary 
ischemia tends to produce a more severe form 
of reperfusion injury than primary ischemia.71,116 
Necrosis and failure of a free fl ap is a signifi cant 
loss for the microsurgeon and the patient 

B C

Figure 17.6 Cont’d B, Total venous occlusion 12 hours after 
the free scapular fasciocutaneous fl ap. Note the dark color of the 
fl ap. The patient refused surgery; therefore, immediate leeching 
and hyperbaric oxygen therapy (HBOT) was initiated. C, Flap after 
6 days of HBOT with complete survival and establishment of in-
herent venous drainage. D, Six-month follow-up demonstrated 
stable soft-tissue coverage of the calcaneal tendon. (See Color 
Plate 27.) (Adapted from Zamboni WA: Applications of 
hyperbaric oxygen therapy in plastic surgery. In: Oriani 
G, Marroni A, Wattel F (eds): Handbook on Hyperbaric 
Medicine. New York, Springer, 1995, pp 443–507, by 
permission.)

D
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because the initial defect to be reconstructed 
still exists and is compounded by donor-site 
morbidity, as well as the underlying psychoso-
cial implications of unsuccessful surgery. Fortu-
nately, HBOT has been shown in multiple ex-
perimental and clinical studies to benefi t free 
fl ap salvage after a secondary ischemic insult. 
Animal studies have demonstrated the value of 
HBOT in the successful treatment of fl aps sub-
jected to secondary ischemia.117–119 Waterhouse 
and investigators’ clinical study120 documents 
a signifi cant enhancement in the salvage of 
replants and free fl aps with secondary ischemia 
by HBOT. In this controlled, retrospective re-
view, patients with greater than 6 hours of pri-
mary ischemia or any degree of secondary 
ischemia were examined. The salvage rates of 
free tissue were increased from 46% in the con-
trol patients to 75% in those treated with HBOT. 
The timing of HBOT in this study was particu-
larly signifi cant with regard to a successful re-
sult. Those patients treated within 24 hours of 
revascularization demonstrated a 100% salvage 
rate compared with a 0% salvage rate for pa-
tients who received HBOT more than 72 hours 
after reperfusion. These fi ndings correlate with 
the knowledge that the major effects of IR in-
jury occur within the fi rst 7 hours after reperfu-
sion.121,122 After this period, it is clear that there 
is a component of irreversible injury. The tim-
ing of HBOT after revascularization after pro-
longed ischemia and secondary ischemia is 
critical in the salvage of these fl aps and the pre-
vention of IR injury.

Clinical experience has confi rmed the re-
sults of the experimental and clinical studies. 
Indeed, in our experience, free fl aps compro-
mised by prolonged primary ischemia or sec-
ondary ischemia have responded dramatically 
to HBOT with complete salvage in most cases 
if the start of treatment is timely. It is therefore 
critical for timely diagnosis and selection of 
those patients who will benefi t from HBOT. 
Any patient undergoing a free tissue transfer 
with a primary ischemia time greater than 
4 hours is a candidate for prompt postopera-
tive HBOT. This is especially true of free fl aps 
composed of composite tissues or muscle. In 
addition, any free fl ap that must be re-explored 
secondary to any arteriovenous pedicle com-

promise as described in the previous sections 
has undergone an associated secondary isch-
emia and HBOT should be considered after 
successful revascularization. The recommended 
protocol consists of HBOT at 2.0 to 2.5 ATA for 
90 to 120 minutes every 8 hours for 24 hours, 
followed by treatments every 8 to 12 hours for 
the next 48 hours.98 Continuous clinical re-
evaluation must be undertaken to ensure ade-
quate response and to rule out further arterio-
venous anastomotic problems. If HBOT is 
started in an expedient manner, severe IR 
injury may be avoided and treatment past 
72 hours is rarely necessary.

RATIONALE FOR THE USE 
OF HYPERBARIC OXYGEN THERAPY 
IN COMPROMISED GRAFTS 
AND FLAPS

As described in the previous sections, a wealth 
of literature evaluating the effect of HBOT on 
the prevention and salvage of compromise 
grafts and fl aps has been published. These 
studies involve both experimental basic sci-
ence and clinical trials in a multitude of differ-
ent situations. Increasingly in recent years, the 
literature regarding HBOT research has be-
come more scientifi c and less anecdotal. Gen-
erally, the majority of these articles have shown 
a benefi cial response. In addition, the scientifi c 
body of evidence allows the development of 
indications, contraindications, and protocols 
for the successful use of HBOT.

Yet in the new era of evidence-based medi-
cine, an increasing emphasis is placed on the 
results of meta-analysis and randomized, double-
blind, controlled clinical trials to guide thera-
peutic decision making. There are prospective, 
randomized trials regarding the use of HBOT as 
an adjunct for healing in chronic foot wounds 
of patients with diabetes and for irradiated tis-
sues. A search of the Cochrane reviews demon-
strates positive recommendations on the use of 
HBOT for foot ulcers of patients with diabetes 
and for late radiation tissue injury.38,123 These 
studies validate the use of HBOT in preparation 
of problem wound beds for grafting.
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However, no controlled, randomized clinical 
trials for the use of HBOT in compromised grafts 
and fl aps have been reported. Although there 
are signifi cant amounts of evidence to warrant 
the institution of these trials, the relative unpre-
dictability and paucity of the clinical situations 
in which HBOT is warranted would make a 
meaningful randomized study diffi cult to con-
duct in a single institution. The use of HBOT for 
compromised grafts and fl aps may be consid-
ered controversial by those intent on basing 
their treatment recommendations on only inter-
ventions backed by randomized, controlled tri-
als. Yet many authors reject this narrow-minded 
view and insist that the effectiveness of an inter-
vention be judged relative to consequences of 
nonintervention.124 Indeed, two separate stud-
ies by Concato and colleagues125 and Benson 
and Hartz126 published in the New England 
Journal of Medicine demonstrate that well-
designed observational studies do not differ sig-
nifi cantly in their treatment recommendations. 
Until clear-cut clinical data are available, we 
must base our clinical recommendations on the 
overwhelmingly supportive randomized, con-
trolled animal experiments and clinical studies 
while taking into account the risks, benefi ts, and 
cost of HBOT. In general, HBOT is a low-risk, 
well-tolerated therapy in properly screened pa-
tients. The contraindications and risks of HBOT 
are outlined in Chapter 26 and should be 
reviewed before clinical intervention.

Many benefi ts of HBOT for prevention and 
treatment of graft and fl ap compromise are clear 
and have been illustrated previously. One advan-
tage to HBOT that has not yet been discussed is 
its effi cacy in comparison with other available 
methods of treatment for compromised grafts 
and fl aps. Although numerous alternative meth-
ods have been attempted to salvage grafts and 
fl aps, few have been routinely successful or 
applicable in clinical settings. Some animal stud-
ies using oxygen free radical scavengers, antioxi-
dants, and thrombolytics alone or in combina-
tion with HBOT have had varying success.127–130 
However, these basic science results have not 
resulted in any clinical acceptance or docu-
mented benefi ts. Therefore, few alternatives for 
graft and fl ap salvage are available. Given the 
infrequent risks, documented benefi ts, and lack 

of proven alternatives, it would appear question-
able to withhold HBOT for an appropriately 
selected patient solely on the basis of a lack of 
prospective, randomized clinical trials.

When examining the relative cost of HBOT 
versus the cost of graft/fl ap failure, reopera-
tion, and prolonged hospital stay, not to men-
tion the psychosocial cost of therapeutic fail-
ure, the case for HBOT in the salvage of grafts 
and fl aps is further bolstered. In one proposed 
hypothetical situation in which Nemiroff131 
compared the cost of an unsuccessful fl ap 
versus fl ap salvage, the cost savings of HBOT 
become clear. For fl ap failure, the hypothetical 
cost that Nemiroff131 described for the year 
1999 would be an additional $5,000 to $10,000 
in surgical and assistant’s fees alone, as well as 
an additional $10,000 to $20,000 in increased 
hospitalization and monitoring fees assuming 
an additional 1 to 2 weeks of hospital care 
with initial postoperative intensive care unit 
monitoring. This does not take into account 
the possibility of a second compromised fl ap, 
the additional donor site morbidity, and the 
psychosocial impact on the patient. Given the 
increased cost in hospital care and surgical 
fees combined with infl ation, this cost would 
be signifi cantly greater in current clinical 
practice. In comparison, the cost of 10 to 
20 hyperbaric treatments for fl ap salvage 
would be roughly $5,000 to $10,000 given an 
approximate cost of $500 per HBOT treat-
ment. It is clear from analyzing the risks, ben-
efi ts, alternatives, and cost that HBOT is a 
viable and cost-effective adjunct in the salvage 
of compromised grafts and fl aps.

SUMMARY

The information in this chapter should serve 
as a guide for any hyperbaric physician and 
plastic surgeon or other subspecialty surgeon 
who will encounter the compromised graft or 
fl ap in practice. As emphasized at the begin-
ning of this chapter, the use of HBOT is not 
indicated for routine, well-planned grafts or 
fl aps. The clinical benefi t of HBOT arises from 
the treatment of compromised grafts and fl aps. 
It must be emphasized that accurate and 
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prompt diagnosis of the fl ap or graft problem 
with early HBOT is the key to a successful 
outcome and salvage of the compromised 
graft or fl ap. The available evidence from ex-
perimental animal studies and clinical trials 
combined with an analysis of the risks, bene-
fi ts, and cost savings allow the recommenda-
tion of HBOT protocols in properly selected 
patients at risk for compromised grafts or 
fl aps. However, a need still exists for future 
prospective, randomized clinical trials and sys-
tematic reviews to further solidify the thera-
peutic recommendations of HBOT for the 
prevention and treatment of compromised 
grafts and fl aps.
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CLOSTRIDIAL MYOSITIS 
AND MYONECROSIS

Clostridial myositis and associated myonecro-
sis, commonly known as gas gangrene, is a 
severe, limb- and life-threatening necrotizing 
infection, characterized by a dramatic, rapidly 
progressive infection of soft tissues and devel-
opment of manifestations of toxin-induced cel-
lular injury, systemic toxicity, and rapidly 
spreading muscle necrosis.1 It is a classic toxin-
induced infectious disease and one of several 
rapidly progressive necrotizing infections.

Causative Factors

Clostridial myositis infection is caused by an 
anaerobic, spore-forming, gram-positive rod 
commonly found in decaying organic material 
within soil, in the gastrointestinal tract of 
mammals, and at times in sea sediments. The 
organism classically identifi ed with myositis 
and myonecrosis is Clostridium perfringens. 
Historically, it has gone by the names of Bacil-
lus perfringens (1898), Bacterium welchii, 
Bacterium emphysematosa, and Clostridium 
welchii (1900). The Clostridia genus contains 
the spore-forming, gram-positive anaerobic 
bacteria. There are fi ve groups of C. perfrin-
gens, designated A through E, based on the 
pattern of combination of the four major le-
thal toxins (designated �, �, �, and �) produced 
by the organisms.2 These fi ve biotypes are as-
sociated with different diseases of humans and 
animals. Each of the fi ve biotypes produces 
�-toxin, with type A producing particularly 
large amounts. Many of the clinical manifesta-
tions are due to the actions of �-toxin, but as 
many as 12 toxins may be released during 
infection. Other species of toxin-producing 
Clostridia that cause gas gangrene are C. novyi, 
C. septicum, C. histolyticum, C. fallax, C. sor-
dellii, and C. bifermentans.

Despite being classifi ed as an anaerobe, 
C. perfringens can grow freely in oxygen ten-
sions up to 30 mm Hg, which is an oxygen 
level that can be found in human tissue, and 
even in some environments up to 70 mm Hg. 

In general, anaerobic organisms do not grow 
in an oxygen milieu because of low activity 
levels of enzymes that scavenge and degrade 
oxygen radicals. These antioxidant enzymes 
include superoxide dismutases and catalases, 
which are hydrogen peroxide–degrading 
enzymes. Hyperbaric oxygen therapy (HBOT) 
at 2 to 3 atmospheres absolute (ATA), by 
increasing tissue oxygen tensions to greater 
than 30 mm Hg, has been demonstrated to stop 
spore germination and to inhibit bacterial 
growth in a bacteriostatic fashion. Higher levels 
of oxygen may be bactericidal, but hyperbaric 
oxygen alone has no effect on formed �-toxin. 
�-Toxin is normally cleared by the kidney.

Gas production is thought to be caused by 
glycolysis by bacteria. Carbon dioxide (CO2) 
and water are the natural end products of aero-
bic metabolism. Theoretically, CO2 rapidly dis-
solves in aqueous-based tissue fl uid and should 
rarely accumulate in tissues. Incomplete oxida-
tion by anaerobic and facultative bacteria can 
produce gases that are not as readily water 
soluble and can accumulate in tissues. Measure-
ment of the gas within infected muscle tissues 
from a patient with diabetes with Clostridium 
septicum infection was reported as 5.9% H2, 
3.4% CO2, 74.5% N2, and 16.1% O2.3 The gas 
produced within tissues is visible on radio-
graphs and computed tomography (CT) scans 
in approximately half of reported cases.

Risk Factors

Historically, gas gangrene occurred in war 
wounds because of the considerable risk fac-
tors attendant to contamination of wounds 
that occur on the battlefi eld. These include 
involvement of direct open trauma to muscle 
and its vascular supply, and to the contamina-
tion of such wounds with foreign material. 
High-velocity bullets and explosive missiles 
cause “shock-wave” damage surrounding the 
actual physical pathway taken by the foreign 
material, increasing the risk for having poorly 
perfused tissue surrounding the open wound 
site from penetrating injury, compared with 
lower-velocity bullets or open wounds from 
falls and motor vehicle collisions. In combat, 
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infantry soldier wounds are more likely to be 
contaminated with dirt and pieces of uniform 
material, and injuries may occur in fi elds of 
battle that were contaminated by soil and ani-
mal manure. Treatment of the initial wound is 
said to be the most important factor in the 
prevention of this complication of war 
wounds.4 Extensive review of the occurrence 
of gas gangrene in the history of America’s 
wars has been well described.5

In the civilian population, Clostridial myosi-
tis and myonecrosis is more likely to occur in 
patients after trauma, especially in wounds 
with poorly perfused muscle. The most fre-
quent kinds of trauma include motor vehicle 
collisions and farming accidents with open 
fractures, followed by crush injuries, industrial 
accidents, and gunshot wounds.3 It is also 
seen in patients with diabetes mellitus and 
vasculopathy, appearing in the presence of 
chronic, nonhealing wounds, foot ulcers, and 
sacral decubitus infections. Another major 
group of patients at risk is the postoperative 
abdominal surgery patient group with intra-
abdominal sepsis, because the organisms are 
normally present in the intestine. The most 
common surgical procedures it follows are 
those involving colon resection and biliary 
tract surgery. In the majority of cases when 
Clostridia are isolated in the surgical setting, 
they are likely to be present in mixed cultures, 
are present as secondary invaders, and may 
not be producing toxin. Having a gastrointes-
tinal focus of cancer appears to be a risk fac-
tor for infection with C. septicum, a particu-
larly virulent species. Cases are also reported 
in patients with burns,6 and clusters have 
been reported in intravenous drug users. Gas 
gangrene of the uterus occurs in the setting of 
septic abortions7 but is also reported after 
delivery8 or after surgical procedures.9

The toxins elaborated by C. perfringens are 
the hallmark of the disease (Table 18.1). The 
toxins are known to be extracellular enzymes. 
Of these, the most signifi cant ones are believed 
to be �-toxin, a Zn�2 metalloenzyme, phospho-
lipase C, which splits lecithin and the phospho-
glycerides of choline, ethanolamine, and serine 
present in eukaryotic cell membranes,10 and 
�-toxin, also known as perfringolysin O, which 

is a hemolysin. Since the 1940s, �-toxin has 
been suspected to be the major virulence deter-
minant of gas gangrene on the basis of studies 
with supernatant fl uid from cultures of C. per-
fringens. In the mid-1990s, loss of virulence 
was demonstrated when an allelic-replacement 
mutant in a virulent strain of C. perfringens was 
constructed, tested in a murine gas gangrene 
model, and shown to have eliminated viru-
lence.11 The mutant strain showed loss of viru-
lence, and the foot swelling, blackening, and 
muscle necrosis normally seen in the control 
mice were almost completely absent when 
they were challenged with the �-toxin defi cient 
strain. When the gene was reintroduced into 
the mutant to re-encode for �-toxin, the viru-
lence properties were restored. The protein has 
been determined to have two functional do-
mains: (1) the N-terminal domain possessing 
phospholipase C activity and (2) the C-terminal 
domain, which binds to eukaryotic cell mem-
branes12 (Fig. 18.1).

�-Toxin attacks phospholipids in micellar or 
monodispersed forms. Most phospholipids bio-
logically are present in cell membranes, and 
cells still undergo lysis when exposed to ade-
quate levels of �-toxin.13 Additional effects of 
�-toxin are also evident. Sublytic quantities of 
�-toxin have been shown to activate the arachi-
donic acid cascade.14 This cascade results in 
production of prostaglandins, thromboxanes, 

Table 18.1 Main Toxins Elaborated 
by Clostridium perfringens 
and Their Biologic Effects

�-Toxin: lethal,* lecithinase, necrotizing, hemolytic, cardiotoxic
�-Toxin: lethal,* necrotizing
�-Toxin: lethal,* hemolysin
�-Toxin: lethal,* permease
�-Toxin: lethal,* hemolysin, cytolysin, leukostatic
�-Toxin: lethal,* necrotizing
	-Toxin: lethal,* collagenase, gelatinase, necrotizing

-Toxin: protease
�-Toxin: hyaluronidase
�-Toxin: lethal,* deoxyribonuclease, hemolytic, necrotizing
-Toxin: hemolysin, cytolysin 

*“Lethal” based on injection into mice.
Modifi ed from Gas gangrene. Available at: 

http://www.emedicine.com/med/topic843.htm, by permission.

              



400 Section IV Indications

and leukotrienes, which are involved in infl am-
matory processes. Thromboxanes have been 
shown to be involved in platelet aggregation in 
this setting,15 resulting in decreased blood fl ow 
to tissues.16 Titball theorizes that “it is possible 
to envisage the situation where �-toxin dif-
fuses away from the initial site of infection into 
adjacent healthy tissues, and the resultant re-
duction in blood supply to these tissues then 
provides the appropriate conditions for the 
spread of the infection into these tissues.”17

Another major effect of clinical relevance 
of �-toxin is the suppression of the cellular 
infl ammatory response by lysis of leukocytes 
and blockage of the migration of leucocytes 
into tissue spaces, causing them to accumu-
late along the walls of blood vessels.9 The 
observation of the paucity of white blood 
cells in areas of infection was fi rst made in 
1917 by two military surgeons who had 
managed battlefi eld cases of gas gangrene in 
World War I and who noted that leukocytes 
are generally conspicuous by their absence 
in involved muscle tissue.18 Similar observa-
tions have been made repeatedly in clinical 
reports. Demonstration of the alteration 
of the traffi c of neutrophils to infected tis-
sue because of impaired neutrophil diapede-
sis caused by large aggregates of adherent 
platelets induced by phospholipase C was 
reported by Bryant and colleagues.19 Fur-
thermore, the stimulated synthesis of plate-
let-activating factor and prostacyclin, two 

vasoactive lipids, was demonstrated in hu-
man endothelial cells in response to the 
presence of �-toxin and subsequent protein 
kinase C activation. These cultured endothe-
lial cells exhibited enhanced neutrophil 
adhesion in response to �-toxin, which was 
mediated through the platelet-activating 
factor receptor and P-selectin.20 The effect 
of hyperbaric oxygen on adhesion molecules 
P-selectin and �2 integrin has been demon-
strated in scenarios ranging from carbon 
monoxide poisoning21 and decompression 
sickness22 to reperfusion injury,23 and thus is 
an area that should be further studied in 
the setting of �-toxin–induced leukocyte ag-
gregation to assess additional mechanisms of 
the positive effect of hyperbaric oxygen. 
These responses to �-toxin may contribute 
to localized and systemic manifestations of 
gas gangrene, including enhanced vascular 
permeability, localized neutrophil accumula-
tion and clumping, and myocardial dysfunc-
tion. In rabbit models, �-toxin induces car-
diovascular collapse by direct inhibition of 
myocardial contractility.24

Hemolysis is reported during episodes of 
Clostridial bacteremia, another effect of phos-
pholipase C. Structural correlates with cyto-
toxic and hemolytic effects have been re-
ported, and the structure of the toxin has 
been described by Naylor and colleagues.25 
�-Toxin is considered responsible for increased 
vascular permeability and edema.

A B
Figure 18.1 �-Toxin has been crystallized in two distinct conformations. A is believed to be catalytically active 
and so is known as the “open form.” The second form, B, known as the “closed form,” has two loops partially 
closing the active site and leaving the protein inactive. A short animated loop at the Birkbeck Toxin Structure 
Group Homepage Web site shows the dynamic opening and closing of the molecule, centered on its binding site. 
(See Color Plate 28.) (From Institute of Structural Molecular Biology, Birkbeck College School of 
Crystallography, University of London, UK: Available at http://people.cryst.bbk.ac.uk/�bcole04/
ambrose.html, by permission. Accessed August 30, 2007.)
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Clinical Presentation

The incubation period of gas gangrene from 
time of injury to onset of symptoms is usually 
1 to 4 days, although the range can be short 
as 6 hours and as long as 3 weeks.26 The 
fi rst complaint by a patient is usually sudden 
unrelenting pain at the site of the wound, 
although some patients report the symptom 
of heaviness or pressure. These may occur in 
the absence of any signifi cant clinical fi nd-
ings. Within hours, rapid appearance and 
progression of tense edema, pallor, and ten-
derness occur. Typically, tenderness is out of 
proportion to the physical fi ndings. The skin 
color progressively changes to a coppery 
bronze or magenta. Hemorrhagic bullae and 
subcutaneous emphysema may ensue, although 
they are not seen in half of the cases. The fi nd-
ing of gas roentgenographically is suggestive, 
but it is not a requirement for the diagnosis of 
Clostridial myositis and is not diagnostic be-
cause infection with other organisms may 
also produce gas. Over time, an insipid thin, 
brownish, greenish, yellow or black exudate 
may be present, with a “sweetish” or “mousy” 
odor, not the overwhelming putrid odor of 
standard anaerobic infections. There is loss of 
contractility of the affected muscle. Gram 
stain of the discharge may show the charac-
teristic gram-positive rods (although some-
times the organism may stain poorly and ap-
pear gram variable, as mixed gram-positive 
and gram-negative rods). The hallmark appear-
ance of the Gram stain is described as a pau-
city of white blood cells, which may either be 
seen as ghost smudges, after lysis by �- and/or 
�- and other toxins, or may not be seen at all 
because of loss of diapedesis induced by 
�-toxin. Fluid in bullae from a patient with 
nontrauma-related C. septicum infection was 
examinedby Stevens and colleagues.27 The typ-
ical Gram stain showed many gram-positive 
rods without leukocytes. Although they found 
no �- or �-toxins in the fl uid in their assay, 
they were able to demonstrate adverse effects 
of the fl uid on neutrophil viability, appear-
ance, and function, including decreased che-
motaxis and phagocytosis.

The margins of the infection may extend at a 
rapid rate, and in fulminant cases, can be mea-
sured at several inches per hour. Patients appear 
toxic, with marked tachycardia and the devel-
opment of hypotension, but they often have 
intact sensorium until late in the infection. Fe-
ver may be low grade or absent. The affected 
tissue will not bleed easily, if at all, because of 
ischemia. Extension onto the trunk is a marker 
for much greater mortality rates, and debride-
ment becomes more complex than if extremity 
involvement alone is present. Bacteremia may 
occur in 15% of patients. Later complications 
include massive hemolysis, hypotension, acute 
renal failure, and metabolic acidosis. Hemolysis 
of the entire circulating red cell mass has been 
reported at least once.28

Differential Diagnosis

Other clinical situations that can mimic gas 
gangrene include other signifi cant necrotizing 
infections, such as crepitant cellulitis; mixed 
aerobic/anaerobic necrotizing cellulitis; non-
Clostridial myositis and myonecrosis, usually 
caused by mixed aerobic-anaerobic organisms 
or group A �-hemolytic streptococci; necrotiz-
ing fasciitis; infection secondary to Vibrio vul-
nifi cus, particularly in patients with underlying 
liver disease exposed to sea water; and zygomy-
cotic gangrenous cellulitis secondary to fungal 
organisms of the Mucorales and Entomophtho-
rales families. In the neonate with omphalitis, it 
may be diffi cult to differentiate between Clos-
tridial myositis and necrotizing fasciitis, but 
even neonates as young as 5 to 7 days should 
still be considered treatable with HBOT.29

Treatment

Standard therapy has historically consisted of 
antibiotics and surgery. Antibiotic selection is 
typically directed at the Clostridial organisms 
responsible for this infection. High-dose intra-
venous sodium penicillin G has been the stan-
dard antibiotic recommended for many years, 
but data appear to demonstrate that survival 
may not be improved when penicillin alone is 
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used, and evidence exists that toxin produc-
tion is not reduced by penicillin. The observa-
tion has been made that use of antibiotics that 
have additional activity that blocks protein 
synthesis, a step needed to manufacture tox-
ins, would be a physiologic advantage in treat-
ing this infection. In Stevens and colleagues’ 
study,30 inhibition of �-toxin activity was 
noted by the antibiotics clindamycin, metroni-
dazole, tetracycline, rifampin, and chloram-
phenicol, but not by penicillin. Doses recom-
mended for sodium penicillin (rather than 
potassium penicillin, because of the risk for 
hyperkalemia from breakdown of muscle tis-
sue and sub sequent renal insuffi ciency) are 
24 million units per day, divided as 2 million 
units every 2 hours intravenously or 4 million 
units every 4 hours intravenously, plus 600 mg 
clindamycin every 6 hours to 900 mg every 
8 hours intravenously. Additional broader-
spectrum coverage will likely be required ini-
tially to cover other potential organisms such 
as gram-negative rods. It is reasonable to in-
clude clindamycin as part of any regimen 
used because of its effects on ribosomes to 
limit or block protein synthesis.

Surgical debridement is an essential part of 
the management of gas gangrene. Elimination 
of infected, dead tissues is important as a way 
to eliminate an infectious source of toxin and 
to open up the tissues to air. The addition of 
hyperbaric oxygen is also now recognized as 
essential in shutting off further �-toxin pro-
duction and allowing whatever toxin that has 
already accumulated to be cleared by the 
body. What remains controversial is the order 
in which these modalities should be accom-
plished. There are those who advocate getting 
the patient to the operating room as soon as 
possible to perform a wide debridement, 
whereas others believe that the patient should 
go the hyperbaric chamber fi rst, either to re-
duce toxicity, or to assist in defi ning the edges 
of viable tissue when the patient does go to 
the operating room for a more limited de-
bridement, or in the situation when proceed-
ing to the operating room is delayed more 
than the time needed to complete a hyper-
baric treatment. What the literature does sup-
port is that clinical responses appear to be 

improved the earlier that HBOT can be started, 
in conjunction with initial conservative sur-
gery. Results decline progressively when hy-
perbaric oxygen treatments are delayed. In 
the Amsterdam experience of Bakker31 from 
1960 through 1985, of 409 patients with gas 
gangrene, 361 survived during the active 
phase of the disease, which is an 11.1% mor-
tality rate (48/409); 325 patients were long-
term survivors, with the additional 36 deaths 
due to causes other than gas gangrene 
(pulmonary embolism, myocardial infarction, 
and metastatic colon carcinoma were the 
leading causes). The group with the greatest 
mortality (8/28) was already in septic shock 
when admitted. The group of 257 patients 
with gas gangrene associated with trauma, 
mainly of the extremities, had a mortality rate 
of only 7.0% overall, and if they survived to 
receive 4 hyperbaric treatments, the mortality 
rate was only 4.3%. In the group that had 
proximal extremity or truncal infection con-
tracted after surgery, consisting of 124 pa-
tients, the mortality rate was 17.7% from gas 
gangrene overall, but only 13.7% if they lived 
to receive 4 hyperbaric treatments. Of the 
total of 48 deaths, all died within the fi rst 
24 hours after the start of hyperbaric therapy, 
before the fourth session. If patients survived 
to receive four treatments, given in the fi rst 
24 to 28 hours after onset of the fi rst treat-
ment, there were no further deaths. This is in 
contrast with the historical mortality rate of 
50% to 90%.

Rationale for Use of Hyperbaric 
Oxygen Therapy

HBOT was fi rst conceived by Brummelkamp 
and colleagues32 as a treatment modality for 
anaerobic gas gangrene infections in 1960. In 
1964, Van Unnik33 reported the inhibition of 
the production of �-toxin by HBOT, in four 
clinical isolates of C. perfringens. Kaye34 
showed a bactericidal effect of oxygen at levels 
of 1400 mm Hg. Demello and coworkers35 
showed a reduction in the rate of germination 
of heat-activated spores under hyperbaric oxy-
gen conditions. One of the fi rst animal trials 
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that demonstrated the role of hyperbaric oxy-
gen in an animal model is that of Demello and 
coworkers,36 who treated animals injected 
with a known amount of Clostridial organisms 
and a traumatized leg. They then treated the 
animals with antibiotics, surgery, and hyper-
baric oxygen, singly, in combinations of two 
modalities, and with all three modalities. The 
best results occurred using all three modalities. 
The triple regimen resulted in 95% salvage of 
the animals, whereas the next best was only a 
70% rate of survival using surgery and antibiot-
ics but without hyperbaric oxygen. Additional 
animal studies have also shown substantial 
reduction in morbidity and mortality after 
Clostridial infection, when used either prophy-
lactically or therapeutically.37–40

Clinical studies in humans have demon-
strated reductions in human morbidity and 
mortality around the world. Unsworth and 
Sharp41 report on an 11-year experience of 
73 patients managed with hyperbaric oxygen 
in Australia and Papua New Guinea. Seven 
deaths were attributed to the gas gangrene, for 
a mortality rate of 9.6%. They concluded that 
conservative surgery with HBOT preserved as 
much limb or tissue as possible. Rudge42 pre-
sented a review of 20 clinical studies with a 
total of more than 1200 patients in whom hy-
perbaric oxygen was used and reported a cum-
ulative mortality rate of 23%. Desola and coau-
thors43 from Barcelona report a series of 
85 confi rmed cases. Lower limb infection ac-
counted for 71.8% of cases, perineal foci in 
8.2%, and abdominal origin in 18.8%. A total of 
44.7% of cases were in shock at admission. In 
only 12.9% of cases was death thought to be 
directly related to the gas gangrene. Deaths 
related to the disease occurred within 3 days 
of presentation. Treatments were at 3 ATA. 
Korhonen and coworkers44 report a case series 
of 53 patients from multiple hospitals in Finland. 
Treatments were done mostly at 2.5 ATA, with 
the observation made that hyperbaric oxygen 
decreased the systemic toxicity and prevented 
further extension of the infection.

Several details are important to note when 
comparing human studies. One is to ascertain 
the treatment tables used. Because the level of 
the partial pressure of oxygen (PO2) appears 

to be important in bacterial killing and shut-
ting off toxin, the higher treatment pressures 
in the range of 2.8 to 3.0 ATA would be much 
preferable to the 2.0 or 2.4 ATA sometimes 
used for more routine wound management 
protocols. The location of the gas gangrene, 
whether disease is limited to an extremity, in-
volves the torso, or both, is also extremely 
important when comparing morbidity and 
mortality statistics. The much greater mortal-
ity of gas gangrene when the torso is involved 
will skew data when such cases are part of a 
series and thus should be dissected out when 
a series combines the cases. A good example 
of this is the series by Altemeier and Fullen,45 
who reported a 14.7% mortality rate using 
only antibiotics and “aggressive surgery” and 
claimed that, because of aggressive surgical 
technique, including high amputations, this 
was as good as the death rates reported with 
HBOT. However, on analysis of the types of 
cases he reported, one can see that his entire 
series consisted of cases of traumatic gas gan-
grene of the extremities, while he compared 
his results with those that combined extrem-
ity and torso involvement. If the results of the 
cases to which he compared his cases were 
analyzed by reviewing only those involving 
extremity involvement, the mortality rate of 
7% was half that of Altemeier.45 The amputa-
tion rate is also reduced by half.

Additional mechanisms of action of HBOT 
that are likely to be benefi cial in gas gangrene 
include hyperoxic vasoconstriction, which 
would lead to reduction of edema and im-
proved perfusion to swollen ischemic tissue, 
and hyperoxic protection of areas immedi-
ately adjacent to the margins of the infected 
areas, which would reduce or eliminate the 
progressive onset of acidosis that would be 
permissive to conditions conducive to toxin 
formation. Thus, a ring of bolstered tissue per-
fusion is created around the area of myositis, 
tending to limit its extension. Enhancement of 
phagocytosis has been demonstrated under 
hyperbaric conditions, which would also tend 
to augment defenses against C. perfringens.

The current use of HBOT consists of 100% 
oxygen at 3.0 ATA pressure for 90 minutes, 
with 5-minute air breaks between each 
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30-minute period of oxygen breathing, per 
treatment, and delivering 3 treatments within 
the fi rst 24 hours, followed by twice-daily 
treatments for the next 2 to 5 days, until the 
progression of infection appears to have 
ceased, demarcation of the wounds appears to 
be proceeding, and the patient shows resolu-
tion of clinical toxicity.46,47 Rationale of the 
repetitive treatments during the fi rst day or 
two recognizes that because the fi rst hyper-
baric treatments may not be lethal to the or-
ganisms, there may be regrowth of the organ-
isms between those initial treatments, with 
further elaboration of �-toxin and other tox-
ins. Thus, the repetitive treatments are per-
formed to prevent recrudescence of signs and 
symptoms of the infection before it is well 
controlled.

Advantages of HBOT include more rapid 
resolution of the toxic state of the patient; 
reduction in the mortality rates seen; salvage 
of major joint levels; and reduction in amputa-
tion rates, in extremity involvement. The cost 
benefi t of these advantages far outweighs the 
cost and effort involved.

Although some authors claim that HBOT re-
mains controversial because of lack of random-
ized, controlled studies comparing HBOT ver-
sus no HBOT, other authors have concluded 
that the comparison with historic and un-
treated series of patients would make it unethi-
cal to perform a randomized clinical trial on 
patients, thereby denying a well-substantiated 
adjunctive treatment for a disease with a high 
rate of morbidity and mortality to a patient,48 
particularly if it is a readily available modality at 
a treating institution. In addition, there are, 
in fact, no randomized, controlled trials of using 
surgical debridement and antibiotics alone, 
without HBOT, and thus the argument against 
using HBOT for that reason cannot be seriously 
entertained. For those patients diagnosed with 
Clostridial myositis and myonecrosis at a facility 
that does not have a chamber, the dilemma 
of whether to transfer the patient to a facility 
with a hyperbaric chamber and delay initial 
surgery or proceed to surgery before transfer, 
possibly leading to a scenario of having to trans-
fer a decompensated patient, is a real one, 
and such cases should be dealt with on an 

individual, case-by-case basis, in consultation 
with a surgical and hyperbaric team at a referral 
center, so as to minimize extended transfer 
times and facilitate time to both hyperbaric 
treatment and surgical opening of the infected 
tissue.

NECROTIZING FASCIITIS

Necrotizing fasciitis is an acute, potentially fatal 
infection of the superfi cial and deep fascia of 
the skin and soft tissues, which progresses to 
ischemic dermal necrosis after involvement of 
the dermal blood vessels that traverse the fas-
cial layers. The popular media refer to this en-
tity as infection with “fl esh-eating bacteria.”

Causative Factors

Necrotizing fasciitis was initially described 
and named “hemolytic streptococcal gan-
grene” by Meleney49 in 1924. He described 
an illness characterized by gangrene of sub-
cutaneous tissues, followed by rapid necro-
sis of the overlying skin from involvement of 
the blood vessels supplying the skin, which 
are found in the affected fascial layers. All 
his patients grew hemolytic streptococci on 
cultures, and the patients were all seriously 
ill. Surgical extirpation appeared to be the 
therapeutic approach. Reference to this en-
tity as necrotizing fasciitis appears around 
the time of Wilson’s report.50 The character-
istic level of infection is at the deep fascia, 
and infection with necrosis is noted to 
spread along fascial planes. Because blood 
vessels that supply overlying skin travel thru 
fascia, it is the involvement of these vessels 
by infection that leads to rapid progression 
to dermal necrosis. Microbiologically, groups 
A, C, or G �-hemolytic streptococci can be 
isolated from tissue specimens in 50% to 
90% of case series, with one or two more 
organisms often also accompanying the 
streptococci in up to half the cases. The 
occurrence of Staphylococcus aureus plus 
anaerobic streptococci is also known as 
Meleney’s synergistic gangrene. Necrotizing 
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fasciitis is also reported to be caused by 
community-acquired strains of methicillin-
resistant S. aureus alone.51

Risk Factors

The most common risk factors associated 
with necrotizing fasciitis are traumatic breaks 
in the skin, most commonly lacerations, insect 
bites, burns, deep abrasions, or after surgery, 
particularly those involving bowel perfora-
tions. Diabetes appears to be a strong risk 
factor, as are obesity, alcoholism, smoking, and 
intravenous drug abuse. Reports of necrotiz-
ing fasciitis as a result of infection of other-
wise typical lesions of chickenpox have been 
published.52 An association with the use of 
nonsteroidal anti-infl ammatory agents has also 
been suggested.53,54 Nonsteroidal anti-infl am-
matory drugs are cyclo-oxygenase inhibitors 
and may have an adverse effect on neutrophil 
killing and cell-mediated immunity. Nonsteroi-
dal anti-infl ammatory drugs are reported to 
inhibit monocyte superoxide production.55

Most common sites of occurrence of nec-
rotizing fasciitis are the lower extremities, 
whereas an increased incidence in the upper 
extremities is seen in the parenteral drug 
abuse population. However, any location of 
the body can be affected, including the ab-
dominal wall of neonates, in association with 
omphalitis.56 Involvement of the scrotum and 
perineum in the male body is known as 
Fournier’s gangrene, which is essentially nec-
rotizing fasciitis of the superfi cial perineal 
fascia, also known as Colles’ fascia, which can 
spread infection to the penis and scrotum via 
Buck’s fascia or Dartos’ fascia, or Scarpa’s fas-
cia, which connects to, and can spread infec-
tion to, the abdominal wall. Perianal or peri-
rectal infection may also spread into these 
areas, and undrained or inadequately drained 
perirectal abscesses are often cited as a source 
of Fournier’s gangrene. Perineal necrotizing 
fasciitis can also occur in the female body. 
Diabetes mellitus remains a strong risk factor 
in this particular form of necrotizing fasciitis 
as well. Fournier’s gangrene is more likely to 
have multiple mixed organisms cultured, par-

ticularly Enterobacteriaceae, group D strep-
tococci, and anaerobic organisms such as 
Bacteroides fragilis.

Clinical Presentation

The patient with necrotizing fasciitis will typi-
cally present with an acute combination of 
pain and swelling, which may or may not be 
accompanied by fever and chills. There may 
already be a focus of cellulitis apparent, but in 
some instances early on, there may be few skin 
changes, putting the physician in the situation 
of a patient with a painful body part without 
much else to go on. In some patients, there may 
be pain out of proportion to the skin fi ndings, 
which may not be unexpected considering 
that the initial level of infection is the fascia, 
not necessarily the skin. In others, manifesta-
tions of a large phlegmon may be quite obvi-
ous, although at times the area of phlegmon 
may have been assumed to be cellulitis and not 
a more serious form of infection. Pain may pro-
ceed to numbness, as a result of compression 
of nerves that also pass through the fascia. With 
time, however, the infection will rapidly pro-
ceed to cause areas of blistering and bullae 
formation. Hints of darkening of the skin may 
appear as perfusion decreases, until obvious 
areas of dermal ischemia appear, making the 
skin appear dusky, grayish, or frankly black. On 
exploration of the process, a clinical diagnosis 
can be confi rmed at the time of biopsy or de-
bridement, when the fascia is grossly observed 
by the surgeon to be necrotic, and will give 
way easily to a probing fi nger or surgical clamp, 
giving the sensation of “thunking” of the skin 
against the underlying muscle layers, instead of 
remaining tight and crisply defi ned. It has been 
suggested that limbs of patients with necrotiz-
ing fasciitis, as opposed to those with cellulitis 
only, may be observed to have markedly re-
duced tissue oxygen saturations as measured 
by near-infrared spectroscopy throughout the 
involved site, with oxygen saturations in the 
52% ± 18% range, compared with control mea-
surements of 86% ± 11% in uninvolved sites.57

In the neonate, necrotizing fasciitis of the 
abdominal wall can be seen as a complication 
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of omphalitis in 10% to 16% of cases58 and 
appears to carry more than a 50% mortality 
rate even when treated with aggressive de-
bridement of involved skin, subcutaneous tis-
sue, and fascia.59

A number of diagnostic observations have 
been made to enable confi rmation of the diag-
nosis of necrotizing fasciitis. Frozen section 
soft-tissue biopsy early in the evolution of a 
suspect lesion may provide defi nitive diagno-
sis.60 CT scan fi ndings are also revealing. Asym-
metric fascial thickening that was at least twice 
the contralateral side and associated with fat 
stranding was seen in 80% of 20 patients with 
necrotizing fasciitis. Gas tracking along fascial 
planes was seen in 55% of patients, characteris-
tically did not involve muscle, and was not as-
sociated with abscess formation.61 The authors 
note that the areas of black, gangrenous skin 
were far smaller than the widespread infection 
in the underlying fascial planes. Also of note 
was that 7 of the 20 patients had associated 
deep space abscesses that required immediate 
surgical drainage, which demonstrates the need 
for CT studies to assess extent of disease, par-
ticularly in patients who do not appear to be 
responding to therapy.

Magnetic resonance imaging also demon-
strates the distribution of affected tissue well, 
is able to differentiate fl uid and gas through 
differential signal intensities, and is useful in 
differentiating cellulitis from necrotizing fasci-
itis, after injection of gadolinium contrast. But 
in a study of 15 patients, magnetic resonance 
imaging overestimated the extent of deep fas-
cial involvement in one patient who had only 
cellulitis, after intramuscular injections that 
showed up on magnetic resonance imaging as 
thickening of both superfi cial and deep fascia 
of the deltoid muscle.62

Cultures of deep tissue at the time of de-
bridement are imperative because up to 75% 
of patients in some series have demonstrated 
polymicrobial causative agents.

Amputation rates of up to 50% are reported 
without hyperbaric therapy. Mortality rates in 
reported series range from 30% to 66% without 
the use of hyperbaric oxygen, with mortality 
often associated with delayed diagnosis, under-
lying immunocompromise, septic shock, and 

severe underlying metabolic abnormalities. In a 
small group of neonatal omphalitis patients 
with abdominal wall necrotizing fasciitis, 5 of 
7 cases died, for a mortality rate of 71%. The 
two patients who did survive, both of whom 
were administered HBOT, were noted to have 
resolved their systemic sepsis more rapidly and 
had healthier granulation tissue on the perim-
eter of the debridement. Neither survivor 
treated with hyperbaric oxygen required any 
further debridements before their wounds 
were closed.

Gozal and coworkers63 treated patients with 
combined antibiotics, radical surgery, and hy-
perbaric oxygen, and reduced the historic mor-
tality rate from 38% to 12.5%. Of 29 patients 
reported retrospectively by Riseman and col-
leagues,64 12 were treated by surgical debride-
ment and antibiotics only, and 17 received 
HBOT in addition. Both groups had similar 
parameters of age, race, sex, wound bacteriol-
ogy, and antimicrobial therapy. Body surface 
area was also similar. However, perineal in-
volvement (53% vs. 12%) and septic shock 
(29% vs. 8%) were more common in the hyper-
baric group, yet the overall mortality rate was 
signifi cantly lower at 23% versus 66% in the 
non-HBOT group. In addition, only 1.2 debride-
ments per patient in the HBOT group were 
performed versus 3.3 debridements per pa-
tient in the surgery plus antibiotics-only 
group.

Differential Diagnosis

Clearly, a goal when making the diagnosis of 
necrotizing fasciitis is to make it as early as pos-
sible so as to be able to start appropriate treat-
ments and avoid rapid spreading and the onset 
of sepsis. Time is tissue. The main differential 
diagnoses include standard cellulitis, which 
may be a precursor of necrotizing fasciitis in 
some cases, and erysipelas, with its erythema-
tous, well-delineated border. Additional entities 
that should be considered include Clostridial 
myositis and myonecrosis; non-Clostridial myo-
sitis and myonecrosis; toxic shock syndrome, 
which may accompany necrotizing fasciitis; 
phycomycotic gangrenous cellulitis; mixed 
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aerobic/anaerobic necrotizing cellulitis; toxic 
epidermal necrolysis, also known as Lyell’s dis-
ease, usually caused by exposure to particular 
medications; and Staphylococcal scalded skin 
syndrome, also known as Ritter’s disease, 
caused by exfoliative toxins produced by 
Staphylococci, with the latter two entities 
being most common in neonates and children 
younger than 5 years. In the neonate with 
omphalitis, violaceous discoloration of the skin 
appears to be a strong marker for the em-
ergence of necrotizing fasciitis. Cutaneous 
anthrax may present with a blackened central 
area and surrounding edema.

Treatment and Rationale for Use 
of Hyperbaric Oxygen Therapy

Hypoxia is known to impair phagocytosis by 
polymorphonuclear leukocytes.65 After an in-
fective process is initiated, metabolic prod-
ucts of aerobic and anaerobic metabolism 
tend to reduce the oxidation-reduction poten-
tial (Eh), leading to a decline in pH, which cre-
ates a milieu for growth of strict and faculta-
tive anaerobic organisms. When the blood 
supply to the skin is affected by involvement 
within a phlegmon, with edema and necrosis 
in the deep fascial layers in which they reside, 
the decreased perfusion pressure and isch-
emia predispose to progression and advance-
ment of the infectious process within the skin 
and subcutaneous tissues. Quantities of gas 
within tissues are frequently seen in both gas 
gangrene and necrotizing fasciitis.

HBOT can reduce the amount of hypoxic 
leukocyte dysfunction that occurs within an 
area of infection and provide oxygenation to 
otherwise ischemic areas, thus limiting the 
spread and progression of infection. In cases 
where the antibiotic being used requires oxy-
gen for transfer across cell walls, HBOT can 
act to enhance antibiotic penetration into tar-
get bacteria. This has been demonstrated for 
aminoglycosides and Pseudomonas.

Numerous studies have continued to dem-
onstrate the benefi cial effect of HBOT in the 
management of necrotizing fasciitis. Wilkinson 
and Doolette66 report a 5-year retrospective 

cohort Australian study of 44 patients with 
necrotizing soft-tissue infection, between 
1994 and 1999, analyzing the primary out-
come of survival to hospital discharge and 
secondary outcomes of limb salvage and long-
term survival after hospital discharge. Logistic 
regression analysis determined the strongest 
association with survival was the intervention 
of HBOT (P � 0.02). HBOT increased survival 
with an odds ratio of 8.9 (95% confi dence in-
terval, 1.3–58.0) and a number needed to 
treat to benefi t of 3. HBOT also reduced the 
incidence of amputation (P � 0.05) and im-
proved long-term outcome (P � 0.002). In the 
series by Escobar and investigators,67 there 
were no further amputations beyond those 
already done before transfer, once HBOT was 
initiated in their series of 42 patients. The 
negative study by Brown and coauthors68 
that purports to be a multicenter retrospec-
tive review of treatment at 3 facilities over 
12 years, of 54 patients, had numerous dis-
crepancies in the demographics of their 
2 groups. Half of the HBOT group of 30 pa-
tients, all from 1 institution, were noted to 
have Clostridial infections, whereas the non-
HBOT group had only 4 of 24 patients (17%) 
with Clostridial infection. Six of the 30 pa-
tients in the HBOT group are noted to have 
the diagnosis of Clostridial myositis and myo-
necrosis, whereas only 1 of the non-HBOT 
patients were so diagnosed. Hence, this clearly 
shows the same diseases were not being com-
pared in that study. In addition, as is pointed 
out in a subsequent letter to the editor,69 80% 
of the patients received 4 or fewer treatments, 
the remaining 20% received between 5 and 
7 treatments, and the timing of these treat-
ments is not specifi ed. If the guideline of treat-
ing three times in the fi rst 24 hours were 
followed, and then twice per day until the 
patient is stable and shows no relapse of tox-
icity between treatments, the gas gangrene 
patients in this study were treated for less 
than a day and a half, which is a shorter period 
than most other studies, and the others were 
treated for about 2 days. In Wilkinson’s study,66 
patients received a median of eight treat-
ments, which is more than that received 
by the patient with the greatest number of 
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treatments in Brown and coauthors’ study.68 
The authors state that the mortality difference 
between the two groups (9/30, or 30% of the 
HBOT group, vs. 10/24, or 42% in the non-
HBOT group) was not statistically signifi cant. 
Thus, Brown and coauthors’ study68 should 
not be used as an argument that the use of 
hyperbaric oxygen for truncal necrotizing fas-
ciitis is “controversial” because these mortality 
statistics are not comparable, with a different 
mix of diagnoses in the two, compounded by 
the fact that the numbers themselves are 
small. Furthermore, the study does not add to 
the literature of necrotizing fasciitis involving 
the limbs and other nontruncal sites.

Fortunately, Fournier’s gangrene cases in 
the literature are usually studied and reported 
as a distinct group. Hollabaugh and cowork-
ers70 report a retrospective series of 26 cases 
from the University of Tennessee’s fi ve hospi-
tals. Of the 15 patients with identifi able 
sources for their infections, 8 had urethral 
disease or trauma, 5 had colorectal disease, 
and 2 had penile prostheses. All patients were 
managed with prompt surgical debridement 
and broad-spectrum antibiotics. Procedures 
performed included urinary diversion, fecal 
diversion, and multiple debridements. Four-
teen of the 26 were additionally treated with 
hyperbaric oxygen. The HBOT group had a 
mortality rate of 7% versus 42% in the non-
HBOT group (P � 0.04), with a combined 
overall mortality rate of 23%. The one patient 
who died while receiving HBOT had been 
progressing well without evidence of ongoing 
infection but suffered an acute myocardial 
infarction not thought to be related to the 
underlying disease process. In the non-HBOT 
group, deaths were usually attributed to ongo-
ing or fulminant sepsis. Relative risk for sur-
vival was 11 times greater in the group receiv-
ing HBOT. This study did not show a decrease 
in the number of debridements by HBOT but 
was confounded because of the larger num-
ber of patients who died and thus were not 
able to get further debridements. Delay to 
treatment was not a factor in the different 
groups.

Additional series include that of the group 
from Genoa, Italy,71 which treated 11 patients 

without any deaths, and all delayed corrective 
procedures healed without infectious compli-
cations. Another 33 patients were reported in 
a series from Turku, Finland.72 These patients 
were treated at 2.5 ATA, in conjunction with 
antibiotics and surgery. Three patients died, 
for a mortality rate of 9%. Hyperbaric oxygen-
ation was observed to reduce systemic toxic-
ity, prevent extension of the necrotizing pro-
cess, and increase demarcation, improving 
overall outcomes. Two of the three patients 
who died were moribund on arrival to their 
facility. Management included diverting colos-
tomies for those patients with a perirectal or 
perineal source, and orchiectomy, although 
sometimes reported in all series, is not rou-
tinely done because the blood supply to the 
testes is from the spermatic vessels, which do 
not perfuse the scrotum and penis. Suprapubic 
cystostomy was indicated and performed 
when the source of the infection was genito-
urinary.

Because of the diffi culty in making direct 
comparisons of clinical series, a Fournier’s 
gangrene severity index score was devel-
oped73 to assess a number of variables rather 
than the presence of the disease itself. The 
score uses degrees of deviation from normal 
of physiologic variables to generate a score 
that correlates with patient mortality. It is 
clear that the amount of disease, related 
by some to body surface area of involvement, 
may be a signifi cant variable. The Duke 
University analysis of 50 consecutive patients 
seen at their institution over a 15-year period 
had a 20% overall mortality rate.74 Three statis-
tically signifi cant predictors of outcome were 
identifi ed when examined using univariate 
analysis: extent of infection, depth of the nec-
rotizing infection, and treatment with hyper-
baric oxygen. However, the same data using 
multivariate regression analysis identifi ed the 
extent of the infection as the only statistically 
signifi cant independent predictor of outcome 
in the presence of other covariables. Patients 
with disease involving a body surface area of 
3.0% or less all survived. The numbers of 
patients with disease extent greater than 
3%, where hyperbaric oxygen would thus be 
expected to play a role, became smaller, and 
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with small numbers of patients, the power of 
the study to demonstrate a signifi cant re-
sponse was not present. The P value for statis-
tical signifi cance for HBOT was 0.06 using 
multivariate analysis.

With such strong case series evidence of 
reductions in morbidity and mortality for nec-
rotizing fasciitis and the subset of Fournier’s 
gangrene, it is diffi cult to envision ever seeing 
a controlled, double-blinded study of HBOT.

The recommended HBOT protocol for nec-
rotizing fasciitis includes initiating therapy 
at 2.0 to 2.5 ATA pressure for 90 minutes of 
oxygen given twice a day for mild-to-moderate 
cases, until there appears to be no further ex-
tension of necrosis in previously debrided areas 
and infection is “controlled.”75 Some hyperbaric 
specialists may switch to once-daily treatments 
once the patients appear stabilized to be sure 
that the process does not fl are up again before 
stopping treatment completely. HBOT does not 
substitute for standard wound care, debride-
ment of necrotic tissue, use of antibiotics 
directed at the expected range of organisms, 
and goal-directed management of sepsis.

OTHER NECROTIZING 
BACTERIAL INFECTIONS

Non-Clostridial Myonecrosis

Non-Clostridial myonecrosis is a particularly 
aggressive soft-tissue infection that clinically 
acts much like the Clostridial myositis syn-
drome, with widespread involvement of mus-
cle and fascia. It has also been called “synergis-
tic necrotizing cellulitis.”76 It is differentiated 
from necrotizing fasciitis by the muscle in-
volvement, although infection from necrotiz-
ing fasciitis, if left to progress, will ultimately 
spread into muscle and may be indistinguish-
able from non-Clostridial myositis at that 
point. Organisms described to be involved 
include the anaerobic Peptococcus species, 
Peptostreptococcus species, and Bacteroides 
species, often mixed with aerobic members 
of the Enterobacteriaceae.77 Clinically, the 
patient will present with exquisite local ten-
derness, minimal skin changes, and drainage 

of “dishwater” pus from skin surface ulcer-
ations, which become enveloped in blue–gray 
gangrene. Most patients are quite ill systemi-
cally. Half of the patients are bacteremic. Gas 
can also be seen. This is often described as the 
entity when Fournier’s gangrene extends onto 
the abdominal wall and pelvis, involving mus-
cle and fascia alike. Treatment remains surgi-
cal debridement. Because there is a frequent 
component of anaerobic organisms in this 
entity, it would appear reasonable to use the 
same rationale as for treatment of necrotizing 
fasciitis and a similar treatment protocol.

Crepitant Anaerobic Cellulitis

The category of crepitant anaerobic cellulitis 
encompasses both Clostridial and non-
Clostridial skin infection. There is abundant 
tissue gas, but no fascial or muscle involve-
ment. When Clostridial species are present in 
this situation, the conditions are not condu-
cive to toxin formation and the patient will 
lack marked systemic toxicity. It is most com-
monly reported after local trauma to the 
lower extremities in patients with vascular 
insuffi ciency. Organisms reported include 
Clostridium species, Peptococcus species, 
Peptostreptococcus species, Bacteroides spe-
cies, and Enterobacteriaceae. Gas formation 
causes the typical “crepitance” palpable 
within the skin. Antibiotics and surgical 
therapy in normal hosts is usually adequate 
therapy. HBOT should be considered in com-
promised hosts and in those failing to re-
spond. Mortality rate is given at around 10%.

Progressive Bacterial Gangrene

Progressive bacterial gangrene is a subacute 
process, characterized by slowly progressive 
dermal ulceration, usually found on the abdo-
minal wall or thorax. It was fi rst described by 
Cullen78 in a patient after drainage of an 
appendiceal abscess. It does not extend to 
deep fascia. It usually develops at a surgical site, 
such as a colostomy or ileostomy site. The area 
around the wound becomes erythematous, 
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swollen, and tender, with progression to indu-
ration. A central purple area develops and then 
proceeds to slough off as the lesion enlarges 
and develops a granulation area centrally, sur-
rounded by a gangrenous margin. The patho-
logic lesion is said to be related to progressively 
expanding infection created by the synergism 
between aerophilic and anaerobic/microaero-
philic bacteria. It is thought to be similar to, or 
identical to, Meleney’s ulcer, which has as its 
hallmark a progressive, slowly extending rim 
of necrosis, which may tunnel subcutaneously 
and spread in an occult fashion. It is also seen 
after lymph node surgery in the neck, axilla, 
or groin. HBOT has been shown to lead to im-
provement when other standard therapies 
have failed.79

ZYGOMYCOTIC GANGRENOUS 
CELLULITIS

In the immunocompromised population, in-
fection with opportunistic organisms is not 
an uncommon occurrence. Opportunistic or-
ganisms typically do not cause disease in nor-
mal host patients, but because of particular 
defi cits in the immune response of various 
categories, these otherwise unusual organ-
isms become common fi ndings in the abnor-
mal host population. Until now the discussion 
has centered on bacterial and bacterial toxin–
induced diseases, but fungal organisms may 
also become signifi cant pathogens in that 
population of patients. A signifi cant virulence 
factor of these organisms is their characteris-
tic invasion of blood vessels, causing ischemia, 
hypoxia, and progressive necrosis of tissue, 
thus creating a niche that would physiologi-
cally appear to be amenable to alteration 
through the use of HBOT.

Causative Factors

Zygomycosis is the name given to the group of 
fungal infections caused by pathogenic molds 
belonging to the class Zygomyces, in the phy-
lum Zygomycota. The term Phycomycosis has 
also been used, but it is less commonly used 

today. The class Zygomyces is further divided 
into two orders, Mucorales and Entomophtho-
rales. The Mucorales usually cause infections 
that are acute in onset, aggressive, rapidly 
progressive, and angio-invasive. These infections 
are commonly called Mucormycoses. In the 
family Mucoraceae within the order Mucorales 
are organisms of the genera Absidia, Apophyso-
myces, Mucor, Rhizomucor, and Rhizopus. Ad-
ditional, less common families include Cunning-
hamellaceae with organisms of the single genus 
Cunninghamella, and Saksenaea, with the sin-
gle genus Saksenaea, and others.80 Organisms 
in the order Entomophthorales are Conid-
iobolus coronatus and Basidiobolus rana-
rum. These produce a group of infections that 
tend to be more indolent but clearly patho-
logic and chronically progressive. They typi-
cally do not invade blood vessels, although 
some recent reports suggest that this may 
occur at times.

Risk Factors

The recognized risk factors for Zygomycoses 
are numerous. The leading risk factor appears 
to be diabetes mellitus, particularly in the set-
ting of ketoacidosis or uncontrolled hypergly-
cemia. It is reported that 70% of cases of rhino-
cerebral Zygomycosis occur in the setting of 
ketoacidosis.81 The acidotic environment is 
said to be ideal for fungal growth, whereas 
white blood cell activity is inhibited in the 
hyperglycemic environment.82–84 It has been 
shown that acidosis disrupts the inhibitory 
activity of sera against fungal growth by inter-
rupting the capacity of transferrin to bind iron, 
which would normally keep it from being 
available to the fungal species.85 Another group 
of patients at risk are those with iron overload 
syndromes who are at risk for more signifi cant 
infections because of the presence of greater 
levels of iron, a growth factor for most bacteria 
and fungi capable of synthesizing endogenous 
metal chelators, or siderophores, or in patients 
on metal chelators, such as dialysis patients 
receiving deferoxamine86,87 for removal of alu-
minum. Because deferoxamine is normally 
cleared by the kidney, levels of the drug 
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remain high in the dialysis population, pro-
longing the time that iron bound to it can be 
utilized by the fungi. Other susceptible pa-
tients are those with underlying malignancies, 
especially leukemias; patients with neutropenia; 
solid organ and bone marrow transplant pa-
tients; and patients who are actively or passively 
immunosuppressed. Patients who have been 
taking broad-spectrum antibiotics may have 
fungal overgrowth, which is also a risk factor. 
The organisms are ubiquitous fungi, and they 
commonly inhabit decaying matter such as 
common garden soil. Introduction of infection 
is often related to antecedent trauma.88 
A history of exposure to organisms through 
farm accidents or trauma in the garden would 
not be unusual. Gastrointestinal involvement is 
associated with extreme malnutrition and is 
also related to oral ingestion of spores of the 
organisms. About 5% of patients appear to 
have no risk factors whatsoever.

Clinical Presentations

The most common manifestations of Zygomy-
cosis are sinusitis, rhinocerebral infection, soft-
tissue infection, pneumonia, gastrointestinal 
involvement, and disseminated infection. In 
the sinusitis and rhinocerebral forms of the 
infection, initial symptoms would be similar to 
routine sinusitis, with sinus pain, congestion, 
and drainage. The infection then accelerates, 
extending into adjacent structures and tissues, 
with development of erythema, progressing 
to violaceous or dusky to frankly black tissue 
in the nares, turbinates, palate, or orbit. The 
organisms appear to have a predilection for 
invasion of arteries, lymphatics, and nerves. 
Invasion of vascular structures leads to a fi brin 
reaction and development of a Mucor throm-
bus within vessels, which leads to infarction. 
The infarcted tissue becomes acidotic and per-
missive for even further fungal ingrowth and 
proliferation. Lack of perfusion prevents anti-
biotic penetration into affected tissues. Exten-
sion into adjacent periorbital and orbital struc-
tures is often found even early on. Clinical 
manifestations can include periorbital edema, 
tearing, and proptosis, and involvement of the 

optic nerve will be marked by blurring, fol-
lowed by loss of vision. Abnormalities of eye 
movement may occur as markers of cranial 
nerve involvement. Extension can also move 
inferiorly into the hard palate via the maxillary 
sinuses; black, necrotic ulcers may be found on 
the palate, and the nasal turbinates may appear 
black and necrotic. Infection may extend into 
the cranial vault, either via the ethmoid sinus 
and through the cribriform plate, or through 
the orbital apex into the area of the cavernous 
sinus, producing the orbital apex syndrome, 
consisting of ophthalmoplegia and Vth cranial 
nerve involvement, progressing to cavernous 
sinus thrombosis, and thrombosis of the inter-
nal carotid artery, resulting in major hemi-
spheric stroke and altered consciousness. Be-
cause of the propensity for angio-invasion, 
fungemia can occur, disseminating the infection 
systemically. Rhinocerebral mucormycosis has a 
high mortality rate. Standard treatment consists 
of the antifungal antibiotic amphotericin B 
lipid complex or liposomal amphotericin B, 
in a dose of 5 mg/kg daily and surgical 
debridement when indicated. Survivors have 
usually had earlier diagnosis and surgical 
debridements.

Pulmonary involvement is the second most 
common type of Zygomycosis overall, seen 
particularly in patients with leukemia and 
lymphoma.89 Isolated solitary nodular lesions, 
lobar involvement, cavitary lesions, and dis-
seminated lesions have all been reported.90 
Erosion of the fungus into the mediastinal 
structures, particularly the pulmonary artery, 
with massive hemoptysis, is a fatal occur-
rence. Wedged infarctions of the lung may be 
seen, as a manifestation of thrombosed pulmo-
nary vessels, from angio-invasion.91

One of the manifestations of cutaneous in-
fection includes a rapidly progressive, ascend-
ing, necrotizing infection consistent with nec-
rotizing fasciitis, which can involve an extremity 
or the torso. Aerial hyphae can sometimes be 
grossly visualized in wounds infected with 
Zygomycosis organisms, as a loose, whitish cot-
tony exudate covering the surface of open 
wounds. Risk factors for the development of 
cutaneous and subcutaneous involvement in-
clude various types of breakdown of the skin 
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barrier, including puncture wounds, other 
trauma, and burn wounds. Mortality rates of 
30% to 70% are reported in necrotizing fasciitis 
with these organisms, depending on the under-
lying condition associated with the infection. 
Because diabetic ketoacidosis is a treatable 
condition, reversal of the acidosis affords an 
opportunity for the host response to reconsti-
tute, and thus may have a decreased mortality 
compared with patients with nonreversible 
conditions.

The gastrointestinal syndrome is character-
ized by abdominal pain and distention, associ-
ated with nausea and vomiting. Fever and 
hematochezia may occur. Stomach, ileum, and 
colon are most commonly affected. Most such 
diagnoses are made after death, but, if sus-
pected, may require laparotomy to manage the 
bowel infarctions that may occur.92

Differential Diagnosis

On initial presentation, rhinocerebral mucor-
mycosis may be misidentifi ed as the more 
common routine bacterial sinusitis because of 
usual gram-positive or anaerobic organisms, 
although there should not be any necrotic le-
sions in those cases. However, once evidence 
of necrosis is apparent, or in the proper clini-
cal settings, there should be no hesitation in 
ordering a biopsy, looking for the various fun-
gal forms, which are quite characteristic wide, 
nonseptate hyphae branching off at right an-
gles; signs of angio-invasive processes also 
should be sought. Affected tissue usually has 
neutrophilic infi ltrates and infl ammatory vas-
culitis is seen, involving both arteries and 
veins. Cultures for routine aerobic, anaerobic, 
and fungal organisms should always be sent. 
Cavernous sinus thrombosis can occur as an 
extension of suppurative, usually Staphylococ-
cal, facial cellulitis or abscess, but there would 
not be the typical lesions in the nose or si-
nuses. Radiologic studies, such as plain fi lms 
or CT scans, may show more extensive bone 
necrosis than was anticipated. Orbital celluli-
tis and bacterial osteomyelitis of the frontal 
bone or orbit are other entities that may clini-
cally resemble this form of Zygomycosis.

Lung involvement may be nonspecifi c and 
can look like other cases of atelectasis, pneu-
monia, granulomatous disease, or particularly 
in patients with cancer, infection caused by 
Aspergillus species. Use of radiologic studies 
may hasten the diagnosis. In a retrospective 
analysis of CT fi ndings in 16 cases of pulmo-
nary Zygomycosis versus 29 cases of invasive 
pulmonary aspergillosis at the University of 
Texas M.D. Anderson Cancer Center,93 logistic 
regression analysis of clinical characteristics 
demonstrated that concomitant sinusitis and 
voriconazole prophylaxis were signifi cantly 
associated with pulmonary Zygomycosis; CT 
scan fi ndings of multiple (�10) nodules and 
pleural effusion were both independent pre-
dictors of pulmonary Zygomycosis, suggest-
ing potential clues in differentiating the two 
types of infections. Pulmonary mucormycosis 
can also be confused with standard pulmo-
nary embolism. Gastrointestinal disease must 
be differentiated from other bowel infections, 
perforation, and Staphylococcal necrotizing 
enterocolitis, seen in infants.

Rationale for Use of Hyperbaric 
Oxygen Therapy

From a physiologic viewpoint, mechanistic 
steps are only now being discovered to explain 
the virulence and invasiveness of the fi lamen-
tous fungi in causing disease. Each of these 
mechanisms, as discovered, would be well 
worth testing in the presence of hyperbaric 
oxygen to assess potential roles for HBOT. Fila-
mentous fungi are aerobic; thus, it is not ex-
pected that there would be a direct effect on 
fungi under clinical hyperbaric conditions.

HBOT in the setting of Zygomycosis could 
be benefi cial in a number of ways. The angio-
invasive character of these infections creates 
areas of hypoxia, ischemia, and subsequent ne-
crosis, which will directly affect neutrophilic 
killing of organisms, as phagocytosis becomes 
ineffi cient. Areas of tissue that are ischemic 
due to partial loss of perfusion can be made 
normoxic during hyperbaric therapy and can 
restore immune mechanisms that have become 
dysfunctional because of hypoxia.
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The neutrophil has a signifi cant role in 
defending against fi lamentous fungi, despite 
the larger size of the hyphae. Engulfment by 
neutrophils and damage to hyphae is corre-
lated with response to infection. Both mono-
nuclear and polymorphonuclear white cells of 
normal hosts kill Rhizopus by generation of 
oxidative metabolites and cationic peptide 
defensins.94–96 Comparison of antifungal func-
tion of human polymorphonuclear leukocytes 
against hyphae of Rhizopus oryzae and Rhizo-
pus microsporus, the most frequently isolated 
Zygomycetes, with that of Absidia corym-
bifera has shown that oxidative burst re-
sponses by polymorphonuclear neutrophils 
and polymorphonuclear leukocyte–induced 
hyphal damage were signifi cantly lower in re-
sponse to the Rhizopus species than to the 
Absidia species, and that hyphal damage in-
creased when polymorphonuclear leukocytes 
were incubated with interferon-� and granulo-
cyte-macrophage colony-stimulating factor.97 
Mouse bronchoalveolar macrophages prevent 
germination of spores in vitro and in vivo in a 
murine model, and this ability is blocked by 
corticosteroid therapy. Correction of hypoxia 
for such critical cells should enhance oxida-
tive killing of fungi. The signifi cant hallmark of 
Zygomycoses is their ability to invade blood 
vessels, causing blood vessel infl ammation, 
thrombosis, and tissue necrosis in many differ-
ent tissues, and subsequent hematogenous 
dissemination to other organs. Penetration of 
endothelial cells lining blood vessels must be a 
key step in the pathophysiology of Zygomyco-
sis. Studies examining these steps are crucial 
in defi ning additional steps to treat infection, 
by blocking fungal dissemination. It has been 
demonstrated that Rhizopus oryzae spores 
adhere to subendothelial matrix proteins bet-
ter than hyphae, but spores and hyphae adhere 
equivalently to human umbilical vein endothe-
lial cells.98 Phagocytosis of Rhizopus oryzae 
by endothelial cells was also shown to damage 
the endothelial cells, raising the question 
of whether such steps could be related to sub-
sequent thromboses. Hyperbaric oxygen re-
search has not begun to delve into these neu-
trophil and fungal/endothelial interactions, but 
research is sorely needed.

Much of the surgery required to manage 
the necrotizing aspects of infection involving 
sinuses, orbit, and skull is quite deforming, and 
the addition of hyperbaric oxygen to wound 
management would facilitate generation of 
granulation tissue, epithelialization, and bone 
healing. In addition, there are other nonspe-
cifi c mechanisms that are still being worked 
out for several forms of sepsis, which appear 
to be positively affected by HBOT.99,100

Standard therapy involves the use of anti-
fungal antibiotics and defi nitive debridement 
of necrotic tissue. Hyperbaric oxygen clini-
cal studies to date have generally been either 
isolated case reports or retrospective case 
series and literature reviews. John and col-
leagues101 report such a literature review 
of 28 published cases that had received 
HBOT. Among the Mucorales isolates, there 
were 11 cases of Rhizopus species, followed 
by 3 cases of Apophysomyces species, and 
2 cases each of Mucor and Absidia. Three 
isolates from Entomophthoramycoses were 
Conidiobolus species. Risk factors in these 
patients were a spectrum of the typically 
seen range, with 17 of 28 (61%) having diabe-
tes, 10 of whom had ketoacidosis; 5 patients 
(18%) acquired their infections after trauma; 
1 patient was taking systemic steroids; 
3 (11%) patients had hematologic malignan-
cies or bone marrow transplants; and 3 (11%) 
patients had no known risk factors for Zygo-
mycosis. Overall survival rate was 86%, which 
encompassed a 94% survival rate in patients 
with diabetes but only a 33% survival rate in 
patients with hematologic malignancies or 
bone marrow transplants. All patients except 
for two had also been administered ampho-
tericin B. Despite the range of cases, all 
groups were small, and there were no con-
trol cases with which to compare the case 
responses.

In a larger series of all cases of Zygomycosis 
found in the literature since 1885, 929 cases of 
Zygomycosis were reported and analyzed by 
Roden and colleagues.102 Survival rates were 
reported by type of treatment received. Forty-
four patients were identifi ed as having re-
ceived HBOT; 64% of these patients survived. 
Other treatments identifi ed and survival rates 
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were as follows: amphotericin B deoxycholate 
recipients—324 survivors of 532 patients 
(61%); amphotericin B lipid formulation—80 
survivors of 116 patients (69%); itraconazole, 
ketoconazole, or posaconazole—10 survivors 
of 15 patients (67%); no antifungal therapy—
59 survivors of 333 patients (18%); surgery 
alone—51 survivors of 90 patients (57%); sur-
gery plus antifungal therapy—328 survivors 
of 470 patients (70%); granulocyte colony-
stimulating factor—15 survivors of 18 patients 
(83%); granulocyte transfusion—2 survivors 
of 7 patients (29%); and no therapy—8 survi-
vors of 241 patients (3%). Major diffi culties 
arise with these data, particularly because 
these studies usually do not differentiate be-
tween intent-to-treat studies and salvage ther-
apy when standard treatment appears to be 
failing, whether the cases related to use of 
antibiotics, surgery, or HBOT. This is an ob-
served diffi culty in interpreting large numbers 
of individual case reports and series.103 The 
case that Bentur and colleagues104 reported of 
mucormycosis of the fourth fi nger of the 
hand, in a patient with diabetes with ketoaci-
dosis, is such a case, where HBOT is begun 
only after other modalities, including ampho-
tericin B, amputation of the affected fi nger, 
followed by wide debridement of the hand, 
and fasciotomy of the forearm have been tried 
and the disease continues to progress. After 
receiving 29 hyperbaric treatments, the infec-
tion appears improved, and the patient went 
on to heal her wounds. Similarly, the case of 
an Entomophthorales infection in the medial 
orbit of an 18-month-old is another example of 
HBOT used as salvage therapy105 in conjunc-
tion with radical surgery, when the organism 
was found to be resistant to all available anti-
fungal antibiotics. Thus, any future database 
of cases of Zygomycoses treated with HBOT 
should document classifi cation of cases by 
whether hyperbaric oxygen was used as an 
early adjunct, at the time of initial institution 
of therapy, or as “rescue” or “salvage” therapy. 
In addition, hyperbaric oxygen would nor-
mally be considered an adjunct to use of anti-
biotics and indicated surgery, and such sub-
group analysis was not done in Roden and 
colleagues’ report.102 It is unfair to compare 

the results if HBOT were started at the time of 
diagnosis, as opposed to later on, when an 
initial course of antibiotics and surgical de-
bridement has been determined to have failed, 
and infection is progressing and considered to 
be refractory, and then to start HBOT as a sal-
vage step. A strong argument for controlling 
for such variables in different studies is well 
advised because when one uses a salvage in-
tervention, such as a new antibiotic, in the 
way that hyperbaric oxygen is sometimes 
used, the question of how much of the effect 
is attributable to the commencement of ther-
apy and how much is attributable to the natu-
ral history of partially treated disease can 
rarely be separated out.106 In the setting of a 
rare, relatively unusual infection, it is a given 
that randomized studies would be unrealistic, 
and these authors recommend that carefully 
selected, matched, contemporaneous control 
subjects are likely to be the most useful alter-
native. Although these comments were made 
in reference to use of newer antifungal antibi-
otics, the same observations would apply to 
the analysis of HBOT.

Treatment

Antibiotic treatment should be commenced 
with an amphotericin B preparation. The fun-
gus is relatively refractory to standard medi-
cal therapy; thus, maximally tolerated doses 
of amphotericin B deoxycholate should be 
used, usually 1.0 to 1.5 mg/kg per day. Lipid 
complex forms of amphotericin B doses are 
better tolerated, and doses are higher. The 
dose of amphotericin B lipid complex (Abel-
cet) and liposomal amphotericin B (AmBi-
some) is 5 mg/kg per day. It has been ob-
served that the use of voriconazole as fungal 
prophylaxis in the hematopoietic stem call 
transplant population is a risk factor for de-
velopment of Zygomycosis107 and should be 
avoided. Other currently available azoles, 
such as ketoconazole, itraconazole, fl ucon-
azole, or miconazole, are not effi cacious 
either. Posaconazole, a newer extended spec-
trum oral azole, has demonstrated in vitro 
and in vivo activity against Zygomycetes and 
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infectious diseases specialist. The surgeon 
debrides the infected area by removing any 
dead, ischemic, or otherwise devitalized tis-
sues. Quite frequently, a plastic or reconstruc-
tive surgeon is needed to cover tissue defects 
and debrided tissues by means of microvascu-
lar soft-tissue fl aps. Bacterial cultures of the 
infected bone should be obtained during the 
surgical interventions. Culture results help in 
the selection of the appropriate antibiotic 
coverage against the pathogenic organisms 
involved.10,11

Adjunctive HBOT can play an integral role 
in the management of refractory osteomyeli-
tis. The Cierny–Mader classifi cation system 
(Table 19.1) is currently widely used as a 
guide to determine candidates for adjunctive 
HBOT.5,10,11 In this system, osteomyelitis is 
classifi ed in four stages: stage 1 (medullary), 
stage 2 (superfi cial), stage 3 (localized), and 
stage 4 (diffuse). The patient’s host status is 
also included in this classifi cation. Patients are 
classifi ed as follows: normal host (A), compro-
mised host (B), or treatment is worse than the 
disease (C). Appropriate candidates for HBOT 
fall in classes 3B and 4B. Patients who benefi t 
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Hyperbaric oxygen therapy (HBOT) has been 
used for chronic refractory osteomyelitis as an 
adjunctive therapy by many groups.1–9 Treat-
ment for osteomyelitis includes radical surgi-
cal debridement, locally applied antibiotic 
beads, and systemic antibiotic therapy.2,5,7,8 
Bone grafts can be used to fi ll bone defects 
after debridement. The term refractory osteo-
myelitis is applied to bone infections that fail 
to respond despite adequate surgical and anti-
biotic therapy. Classically, the treatment of 
chronic refractory osteomyelitis requires an 
experienced orthopedic surgeon and an 
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from adjunctive HBOT include those who 
have preexisting conditions, such as diabetes 
mellitus, peripheral vascular disease, or exten-
sive soft-tissue scarring that prevents adequate 
wound coverage. Patients who are immuno-
compromised or malnourished may also gain 
benefi t from HBOT. Some evidence suggests 
the outcome of patients with inadequate de-
bridement, poor vascularity, or poor soft-tissue 
reconstruction may be improved with the use 
of adjunctive HBOT10 or in those instances 
where the patient refuses additional surgery.

EXPERIMENTAL STUDIES

Bone Oxygen Tension

After early clinical studies showed some ben-
efi t from HBOT in severe cases of osteomye-
litis,1 several controlled animal studies have 

confi rmed and extended the perceived clinical 
effect. Niinikoski and Hunt12 measured bone 
oxygen tensions in experimental Staphylococ-
cus aureus osteomyelitis in rabbits by using 
implanted Silastic tube tonometers. The oxy-
gen tensions in the medullary canal of the 
infected tibias were 10 to 20 mm Hg and mark-
edly lower than those in the control tibias 
(30–45 mm Hg), which suggests that the heal-
ing of the osteomyelitic processes was re-
tarded, at least partly, by an extremely unfavor-
able oxygen environment. The oxygen supply 
of infected bones could be increased to refer-
ence range by systemic hyperoxia during 
breathing of pure oxygen at 1 atmosphere 
pressure (ATA). Later studies demonstrated 
that the decreased oxygen tension typically 
associated with bone infections could be in-
creased to reference or supranormal levels 
by using HBOT. Esterhai and colleagues13 
showed that, under atmospheric conditions, 

Table 19.1 Cierny–Mader Staging System

ANATOMIC TYPE

Stage 1—Medullary osteomyelitis
Stage 2—Superfi cial osteomyelitis
Stage 3—Localized osteomyelitis
Stage 4—Diffuse osteomyelitis

Physiologic Class

A Host—Normal host
B Host—Systemic compromise (Bs)
   Local compromise (Bl)
   Systemic and local compromise (Bls)
C Host—Treatment worse than the disease

SYSTEMIC OR LOCAL FACTORS THAT AFFECT IMMUNE SURVEILLANCE, METABOLISM, AND LOCAL VASCULARITY

Systemic (Bs) Local (Bl)

Diabetes mellitus Major vessel compromise
Renal, hepatic failure Small- and medium-vessel disease
Malnutrition Extensive scarring
Chronic hypoxia Arteritis
Immunosuppression or immune 
defi ciency

Radiation fi brosis

Malignancy Chronic lymphedema
Immune disease Venous stasis
Extremes of age Neuropathy

Tobacco abuse (2 packs/day)

From Mader J, Shirtliff M, Calhoun J: The use of hyperbaric oxygen in the treatment of osteomyelitis. In: Kindwall EP, Whelan HT (eds): Hyperbaric Medicine 
Practice, 2nd ed. rev. Flagstaff, Ariz, Best Publishing Company, 1999, pp 603–616, by permission.
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the oxygen tension in osteomyelitic rabbit tib-
ias reached only 17 mm Hg, whereas in normal 
bone on the contralateral side, the oxygen ten-
sion was 32 mm Hg. During breathing of nor-
mobaric oxygen, readings were about 100 mm 
Hg for normal bone but only 18 mm Hg for 
infected bone. Using HBOT at 2 ATA pressure, 
both infected and uninfected bone reached 
partial pressure of oxygen (PO2) values of 
almost 200 mm Hg. In Mader and coworkers’ 
studies,14,15 a standard rabbit model with dif-
fuse S. aureus osteomyelitis of the tibia was 
used. The animals were treated at 2 ATA oxy-
gen pressure. Oxygen tensions were measured 
using a mass spectrometer in normal and in-
fected tibias before and during HBOT. Hyper-
baric oxygenation increased the oxygen ten-
sions in both the normal and osteomyelitic 
bone. Under ambient conditions, the oxygen 
tension in osteomyelitic bone was 23 mm Hg, 
whereas in normal bone the oxygen tension 
was 45 mm Hg. HBOT increased the oxygen 
tension to 104 mm Hg in osteomyelitic bone 
and to 322 mm Hg in normal bone. The low 
oxygen tensions in infected bones are pro-
bably secondary to hypoperfusion and infl am-
mation. Hypoperfusion is a direct effect of 
increased intramedullary pressure in the bone. 
Increased pressure results when pus and oth-
er debris fi ll the Haversian system and medul-
lary canal.10

Oxygen and Microbicidal 
Mechanisms

Oxygen is essential to cellular defense mecha-
nisms in the body because oxygen radicals 
derived from molecular oxygen are important 
agents in bacterial killing. Polymorphonuclear 
leukocytes contain NADP-linked oxygenase 
that is activated during phagocytosis. This 
enzyme is the fi rst step in a cycle in which 
various oxidants are produced from ambient 
oxygen. After activation, a “respiratory” or 
“oxidative burst” follows during which mo-
lecular oxygen is reduced in large quantities 
to superoxide radicals. These radicals are then 
sequestered in the phagosomes, where they 
and other oxidants derived from them kill 

bacteria by oxidizing cell membranes.16 In 
polymorphonuclear leukocytes, the phago-
cytic killing of aerobes is decreased under low 
oxygen tensions17 (see Chapter 11). Using an 
S. aureus model, Mader and coworkers15 
showed a proportional relation between the 
oxygen tensions and the phagocytic killing 
ability. At the tension found in osteomyelitic 
bone, 23 mm Hg oxygen, there was a reduced 
capacity of phagocytes to kill bacteria, as com-
pared with their bactericidal ability at normal 
bone oxygen tensions of 45 mm Hg. Increas-
ing the oxygen tension to 109 mm Hg, the 
tension found in osteomyelitic bone under 
HBOT conditions, further augmented the abil-
ity of the phagocytes to kill bacteria. It was 
also shown that increasing the oxygen ten-
sion to 150 and 760 mm Hg generated killing 
of the greatest number of S. aureus bacteria. 
These fi ndings were confi rmed by other stud-
ies and extended to bacteria such as Esche-
richia coli, Proteus species, and Pseudomo-
nas aeruginosa.18–20 In summary, HBOT has 
been shown to be effective as adjunctive 
therapy in several animal models of chronic 
osteitis.14,15,21

Oxygen and Bone Repair

The discovery that oxygen is an essential nutri-
tional ingredient of healing has stressed the 
importance of adequate oxygen supply. Fibro-
blasts cannot synthesize collagen or migrate to 
the injured area when oxygen tensions are less 
than 20 mm Hg. Conversely, increasing tissue 
oxygen tensions to levels greater than 100 mm 
Hg allows a return to normal function.16,22 The 
fi broblasts are then able to produce collagen 
that forms a protective matrix for tissue repair. 
After their differentiation from fi broblast-like 
mesenchymal cells, osteoblasts lay down a 
layer of immature, coarse fi brillar bone. This 
immature bone tissue is then replaced by 
mature lamellar bone that is functionally recon-
structed by resorption and deposition by osteo-
clasts and osteoblasts. Basset and Herrmann23 
showed that variations in the oxygen supply in 
vitro can alter the type of tissue that differenti-
ates in a culture of multipotent mesenchymal 
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cells. Hyperoxia caused a differentiation to 
osseous tissue, whereas hypoxia resulted in 
cartilage formation. Makley and his associates24 
found that fracture healing in air at 0.5 atmo-
sphere of pressure was markedly reduced in 
unacclimatized animals. Studies by Penttinen 
and his associates25 report that acute tissue 
hypoxia retards the regeneration of bone by 
reducing both the synthesis of the collagenous 
matrix and mineralization. HBOT has been 
found to stimulate the healing of fractures. 
Coulson and his colleagues26 observed that 
fractured femurs of rats treated for 2 hours 
once daily under 3 ATA oxygen had a greater 
uptake of radioactive calcium and a higher 
breaking strength than the control fractures in 
rats kept at atmospheric pressure. Yablon and 
Cruess27 demonstrated by autoradiography 
with tritiated thymidine that all phases of frac-
ture repair were accelerated under the infl u-
ence of HBOT. In contrast, when the daily dura-
tion of hyperbaric treatment was extended 
from 4 to 6 hours/day at 2 ATA of oxygen, 
breaking strength was reduced, as Wray and 
Rogers28 described. The infl uence of intermit-
tent hyperbaric oxygenation on the chemical 
composition of the callous tissue in the healing 
fractured tibias of rats was reported by Pent-
tinen and coworkers.29 Exposure of rats to 
pure oxygen at 2.5 ATA for 2-hour periods 
twice daily resulted in increased formation of 
callous tissue; enhanced accumulation of cal-
cium, magnesium, phosphorus, sodium, potas-
sium, and zinc; and accelerated formation of 
collagen and other proteins in the fracture cal-
luses as compared with control rats at atmo-
spheric pressure. However, the mechanical 
strength of healing fractures in the HBOT 
group showed no difference from the control 
rats. Barth and colleagues30 also demonstrated 
the benefi cial effects of HBOT on bone healing 
by showing that the metaphyseal defects in 
the cortices of rat femurs were healed by pri-
mary ossifi cation when rats were treated with 
once-daily hyperbaric oxygen treatments for 
90 minutes at 2 ATA. This group of rats also ap-
peared to have accelerated bone repair and 
vessel ingrowth compared with control rats. 
When the HBOT was given twice daily, the de-
fects healed through enchondral ossifi cation; 

the bone repair and vessel ingrowth were re-
tarded, and the osteoclastic activity was up-
regulated. Thus, it appears that the end result of 
sustained hyperoxygenation is a development 
of repair process that is rich in collagen but 
structurally weak.10,22 Therefore, based on ani-
mal models, maximal bone healing may be 
achieved when HBOT is provided within the 
optimal range: once-daily treatments for 90 to 
120 minutes at 2 to 3 ATA.10,11

Oxygen and Antibiotics

Aminoglycosides have been used in the treat-
ment of gram-negative aerobic infections.10 
This class of antibiotics includes gentamicin, 
tobramycin, amikacin, and netilmicin. However, 
like other antibiotics, a therapeutic limitation 
is their inability to penetrate into necrotic or 
devitalized tissues, as well as their diminished 
activity under low oxygen tensions.31,32 An hy-
poxic environment also unfavorably affects the 
activity of other antibiotics such as vancomy-
cin, quinolones, trimethoprim/sulfamethoxa-
zole, and nitrofurantoin.33 Mader and his co-
workers15,34 have shown that with HBOT the 
bactericidal activity of the aminoglycosides is 
enhanced. The bactericidal activity of tobramy-
cin was improved against Pseudomonas aeru-
ginosa when oxygen tensions were increased 
above hypoxic levels. Comparing tobramycin 
alone, HBOT alone, and the two combined, it 
was shown that adjunctive HBOT enhanced 
eradication of the Pseudomonas aeruginosa 
from osteomyelitic bone.34 Trimethoprim/sulfa-
methoxazole and nitrofurantoin also show aug-
mented antibacterial activity in elevated oxy-
gen environments.33 Mendel and coworkers35 
used a standard rat model of S. aureus–induced 
osteomyelitis to compare the effects of HBOT, a 
local antibiotic carrier (gentamicin-containing 
collagen sponge), and the combination of 
HBOT with a local antibiotic carrier. For the 
induction of osteomyelitis, a defi ned S. aureus 
suspension was inoculated into the medullary 
cavity. Arachidonic acid was used as a scleros-
ing agent. With that procedure an infection rate 
of more than 95% was attained. Each of the 
treatment modalities resulted in a signifi cant 
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therapeutic effect with a reduction in organ-
isms of tibial bone. The effect was most marked 
using a 4-week combination therapy with lo-
cal application of the gentamicin-containing 
sponge and additional HBOT. In 9 of 11 ani-
mals, bacteria were no longer detectable in the 
processed bone substance.

CLINICAL STUDIES

Although the physiologic and pathophysio-
logic basis for the use of HBOT in chronic re-
fractory osteomyelitis is well established, the 
number of clinical variables involved in this 
chronic infection makes evidence-based clini-
cal investigations diffi cult or nearly impossi-
ble. Individual variations in the extent and 
location of the infected bone, the status of the 
surrounding tissue, the microorganisms in-
volved, antibiotic therapy, the presence of co-
existing diseases, the timing and form of surgi-
cal intervention, and the unpredictable time 
course of the disease all render the planning 
and development of randomized, controlled 
clinical trials impracticable.10,11

As early as 1965, Slack and his associates1 
reported clinical improvement in fi ve patients 
with chronic osteomyelitis when treated with 
HBOT at 2 ATA. They found that hyperbaric 
oxygenation could favorably infl uence the 
course of persistent sinus tracts in chronic 
osteomyelitis and noted most lesions would 
heal, at least temporarily. It could not be deter-
mined whether the benefi cial effects were 
achieved by infl uencing the oxygen tension 
of the infected area, inhibiting growth of the 
organisms, potentiating the action of antibiot-
ics, or an interrelation of these factors.

Morrey and his coworkers3 also studied a 
group of patients with chronic refractory os-
teomyelitis. All patients had a persistent infec-
tion of at least 1 month in duration, did not 
respond favorably to at least one surgical de-
bridement, had received at least 2 weeks of 
parenteral antibiotics, and had been managed 
for at least 1 year. The patients were then 
treated with additional surgery, antibiotics, 
and HBOT, with a success rate of 85%. The 
cause of the 15% failure rate was attributed to 

inadequate surgical management. In other se-
ries of patients with refractory osteomyelitis 
treated with adjunctive HBOT, success rates 
ranged from 60% to 89%.4,6,36,37

Chen and associates38 investigated the clin-
ical results of HBOT for chronic refractory 
osteomyelitis of the femur. In this retrospec-
tive study, 13 patients with chronic refractory 
osteomyelitis of the femur were treated with 
adjunctive HBOT. The most common infect-
ing microorganism was S. aureus. All cases 
were classifi ed as stage 3 or 4 osteomyelitis 
ac cording to the Cierny–Mader classifi cation. 
Adequate surgical debridement and paren-
teral antibiotic treatment were conducted. 
The number of operations before HBOT was 
4.6. HBOT at 2.5 ATA for 120 minutes was ad-
ministered for 5 days per week in all patients 
for an average of 50 days. The average number 
of hyperbaric treatments was 32.2. The aver-
age follow-up period was 22 months, ranging 
from 12 to 42 months. Complete eradication 
of infection with no recurrence of infection 
was noted in 12 of the 13 patients. One pa-
tient did not respond to the treatment; thus, 
the success rate of the treatment regimen was 
92%. The authors conclude that HBOT is an 
effective and safe adjunctive therapy for the 
management of chronic refractory osteomy-
elitis of the femur provided that patients have 
received adequate surgical debridement and 
appropriate antibiotic treatment.

In a study by Kemmer and associates,11 
54 of 79 patients (68%) with chronic osteomy-
elitis of the extremities and with a follow-up 
period of more than 24 months (24–60 months) 
showed sustained resolution of refractory 
chronic osteomyelitis. Most of these patients 
had undergone multiple unsuccessful treat-
ments over more than 3 years (some up to 
20 years) in other clinics. The dropout rate in 
patients with chronic osteomyelitis, because 
of the patient’s refusal to have additional 
surgery or to continue HBOT beyond about 
15 treatments, was about 20%.

Davis37 demonstrated sustained resolution 
of chronic refractory osteomyelitis in 89% of 
38 patients. Aitasalo and coworkers39 report a 
similar success rate with osteomyelitis of the 
mandible.
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Esterhai and coworkers6 conducted a con-
trolled study on 28 patients in which both 
groups received adequate debridement sur-
gery and antibiotics, and 1 group received 
adjunctive HBOT. No differences in the results 
were found between these groups. However, 
the effects of adjunctive HBOT could not be 
evaluated because of the problems with 
patient compliance with regard to surgical 
management.

To establish the success rate of combined 
therapy for tibial osteomyelitis, Maynor and 
coworkers40 reviewed all cases of this infec-
tion treated with surgery antibiotics and HBOT 
between 1974 and 1991 at Duke University 
Medical Center. The median delay from diag-
nosis of osteomyelitis to initiation of HBOT 
was 12.5 months. Of 34 patients in whom fol-
low-up data were complete, 27 were male and 
7 female with a mean age of 27.9 years. Pa-
tients received an average of 8.3 surgical pro-
cedures and 35 HBOT sessions. Twenty pa-
tients received free vascularized muscle fl aps 
as part of therapy. Of 26 patients with 
24 months of follow-up after treatment, 21 re-
mained drainage free. At 60 months and 
84 months after treatment, 12 of 15 and 5 of 
8 patients, respectively, were drainage free. Af-
ter more than 84 months, patients who had 
received muscle fl aps were more likely to be 
drainage free than patients who had received 
only debridement, and this difference ap-
proached statistical signifi cance. An overview 
of clinical articles focusing on HBOT in chronic 
refractory osteomyelitis is given in Table 19.2.

COST-EFFECTIVENESS

When compared with high costs of prolonged 
hospitalization, antimicrobial therapy, and ad-
ditional surgical procedures, HBOT has dem-
onstrated reasonable cost-effectiveness. In 
1987, Strauss41 reported that in most patients 
with complicated refractory osteomyelitis, an 
average of $115,000 (US) was spent on each 
patient for surgery and hospitalization before 
any HBOT was administered. Once HBOT was 
used in conjunction with surgery and antimi-
crobial therapy, the total cost to treat these pa-
tients, who did not respond to their previous 
care, was reduced to $20,000 per patient. This 
cost-effectiveness can be achieved only if the 
hyperbaric specialists, surgeons, and infectious-
disease consultants agree on a specifi ed proto-
col.10 In Europe, the current average cost of 
treatment in chronic refractory osteomyelitis is 
estimated to be about 800,000 euros per pa-
tient.11 Therefore, all treatment options warrant 
critical consideration to treat and control this 
form of infection.

CONCLUSION

A certain consensus exists between the major 
hyperbaric medical societies worldwide re-
garding the use of adjuvant HBOT in chronic 
refractory osteomyelitis. Considering the dif-
fi culties in performing randomized, controlled 
clinical studies in this disease, and on the basis 

Table 19.2  Clinical Articles on Adjunctive Hyperbaric Oxygen Therapy in Chronic 
Refractory Osteomyelitis

REFERENCES YEAR SUCCESS RATE

Slack and colleagues1 1965 5/5
Depenbusch and colleagues36 1972 35/50
Davis37 1977 63/89
Morrey and colleagues3 1979 34/40
Davis and colleagues4 1986 34/48
Aitasalo and colleagues39 1998 26/33
Maynor and colleagues40 1998 21/26
Chen and colleagues38 2004 12/13
Kemmer and colleagues11 2006 54/79
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of the evidence obtained from both experi-
mental studies and clinical experience, HBOT 
can be recommended as an adjuvant therapy 
in cases with chronic refractory osteomyelitis, 
when previous therapy including appropriate 
antibiotics for 6 weeks and at least one surgi-
cal intervention has failed. Treatment proto-
cols based on animal models should use HBOT 
at 2 to 2.5 ATA with treatment times of 90 to 
120 minutes on a once-daily basis.

mental staphylococcal osteomyelitis in rabbits. J Infect 
Dis 142:915–922, 1980.

 16. Niinikoski J: Physiologic effects of hyperbaric oxygen 
on wound healing processes. In: Mathieu D (ed): 
Handbook on Hyperbaric Medicine. Dordrecht, The 
Netherlands, Springer, 2006, pp 135–145.

 17. Hohn DC, MacKay RK, Halliday B, et al: The effect of oxy-
gen tension on the microbicidal function of leukocytes in 
wounds and in vitro. Surg Forum 27:18–20, 1976.

 18. McRipley RJ, Sbarra AJ: Role of phagocyte in host-para-
site interactions. J Bacteriol 94:1417–1424, 1967.

 19. Mandell G: Bactericidal activity of aerobic and anaero-
bic polymorphonuclear neutrophils. Infect Immun 
9:337–341, 1974.

 20. Knighton DR, Halliday B, Hunt TK: Oxygen as an an-
tibiotic. A comparison of inspired oxygen concentra-
tion and antibiotic administration on in vivo bacterial 
clearance. Arch Surg 121:191–195, 1986.

 21. Hart GB: Refractory osteomyelitis. In: Feldmeier JJ (ed):  
The HBOT committee report 2003. Kensington, Md, 
Undersea and Hyperbaric Medical Society, 2003, 
pp 79–85.

 22. Mainous EG: Osteogenesis enhancement utilizing 
HBOT. HBO Rev 3:181–185, 1982.

 23. Basset CAL, Herrmann I: Infl uence of oxygen concen-
tration and mechanical factors on differentiation of 
connective tissues in vitro. Nature 190:460–461, 1961.

 24. Makley JT, Heiple KG, Chase SW, et al: The effects of 
reduced barometric pressure on fracture healing in 
rats. J Bone Joint Surg 49A:903–914, 1967.

 25. Penttinen R, Rantanen J, Kulonen E: Fracture healing at 
reduced atmospheric pressure. A biochemical study 
with rats. Acta Chir Scand 138:147–151, 1972.

 26. Coulson DB, Ferguson AB Jr, Diehl RC Jr: Effect of 
hyperbaric oxygen on the healing femur of the rat. 
Surg Forum 17:449–450, 1966.

 27. Yablon IG, Cruess RL: Effect of hyperbaric oxygenation 
on fracture healing in rats. J Trauma 8:186–202, 1968.

 28. Wray JB, Rogers LS: Effect of hyperbaric oxygenation upon 
fracture healing in the rat. J Surg Res 8:373–378, 1968.

 29. Penttinen R, Niinikoski J, Kulonen E: Hyperbaric 
oxygenation and fracture healing. A biochemical study 
with rats. Acta Chir Scand 138:39–44, 1972.

 30. Barth E, Sullivan T, Berg E: Animal model for evaluating 
bone repair with and without adjunctive HBOT: Com-
paring dose schedules. J Invest Surg 3:387–392, 1990.

 31. Sheffi eld PJ: Tissue oxygen measurements with 
respect to soft-tissue wound healing with normobaric 
and hyperbaric oxygen. HBO Rev 6:18–46, 1985.

 32. Cierny G: Classifi cation and treatment of adult osteo-
myelitis. In: Evarts CM (ed): Surgery of the Musculosk-
eletal System. New York, Churchill Livingstone, 1990, 
pp 4337–4379.

 33. Park MK, Myers RAM, Marzella L: Oxygen tensions and 
infections: Modulation of microbial growth, activity of 
antibiotics, and immunologic responses. Clin Infect Dis 
14:720–740, 1992.

 34. Mader JT, Adams KR, Couch LA, et al: Potentiation of 
tobramycin by hyperbaric oxygen in experimental 
Pseudomonas aeruginosa osteomyelitis. Presented 
at the 27th Interscience Conference on Antimicrobial 
Agents and Chemotherapy, 1987, New York.
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BACKGROUND

Spectrum of Crush Injuries

Crush injury is a term used to describe a spec-
trum of injuries to the body. The injuries may 
primarily involve soft tissues or bony elements; 
often it is a combination of the two. What dif-
ferentiates crush injuries from other types of 
injuries to the musculoskeletal system is the 
severity. The severity of injury may range from 
minor with minimal contusion of soft tissue 

with or without a related fracture to limb 
threatening with nonviable soft tissue and as-
sociated complex fractures (Table 20.1). As the 
severity of injury increases, the likelihood of 
successful outcomes decreases. At a certain 
point, the tissue damage is so great that success-
ful healing becomes unlikely and limb amputa-
tion is necessary. Unfortunately, no universally 
accepted classifi cation system is available to 
encompass the spectrum of crush injury. Gustilo 
and Williams1 and Johansen and colleagues2 
have generated classifi cations (see discussion in 
the next section) that predict outcomes for 
open fractures and limb survival, respectively, 
but clinical judgment remains the common fi -
nal denominator for making decisions about 
the management of crush injuries.

Challenges of Crush Injuries

Crush injury is a signifi cant challenge to our 
health-care system, in terms of both manage-
ment and expenditures. As a cause of trauma-
service hospital admissions, crush injury is a 
diagnosis in about one fi fth of the admissions 
to Level I trauma centers.3 For complex crush 
injuries, initial hospitalizations are typically 
prolonged and rehospitalizations are frequently 
required to manage the residual complica-
tions. The costs and period of convalescence 
can be a signifi cant challenge to the health-
care system and devastating to the patient. 
The leading causes of crush injury are motor 
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Table 20.1 Severity of Crush Injuries and Associated Fractures

SEVERITY

TISSUE INVOLVED MILD MODERATE SEVERE LIMB THREATENING*

Skin and subcutaneous 
tissues

Intact, but contused Severely contused Lacerated, question-
able viability of margins

Avulsed, nonviable

Muscles Contused Severely contused† Lacerated, torn, 
questionable viable

Avulsed, nonviable

Neurovascular 
structures

Intact Paresthesias, 
dysesthesias

Injured, but intact 
or repairable‡

Lacerated and/or avulsed, 
severe neurologic defi cits

Bone Intact or nondisplaced 
fracture

Closed, commi-
nuted, minimally 
displaced fracture

Markedly comminuted 
and displaced

Severely comminuted 
and displaced; missing 
portions

*Appropriate to refer to as a “mangled extremity” (see Johansen and colleagues2 for further discussion).
†Presentation for a skeletal-muscle compartment syndrome.
‡Prophylactic fasciotomies for postrevascularization swelling of ischemic muscles.
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vehicle accidents, gunshot/munition (espe-
cially in the combat arena) wounds, and falls.3 
Even with optimal management, outcomes of 
crush injury are frequently less than desirable 
with an inverse relationship between good 
outcomes and the severity of injury. This gen-
erates the question whether outcomes even 
with state-of-the-art surgical and orthopedic 
interventions can be improved in those pa-
tients who have such severe crush injuries 
that poor outcomes are the expectation.

Hyperbaric Oxygen and Crush Injuries

Hyperbaric oxygen therapy (HBOT) has been 
used as an adjunct for the management of 
crush injuries for more than 30 years, but infre-
quently, inconsistently, and most often not in 
“mainstream” trauma management. Predomi-
nantly in crush injuries, it is used as a “last re-
sort” when complications arise such as a failing 
fl ap or uncontrolled infection develop in a 
crush injury site, and then only if a hyperbaric 
chamber is in the vicinity. If complications 
arise, they are attributed to the severity of the 
injury because the orthopedic and surgical in-
terventions were within the standards of prac-
tice. Whereas the indications for surgical and 
orthopedic interventions are usually clearly 
defi ned on the basis of the examination of the 
patient and imaging studies, the indications for 
HBOT tend to be subjective and, unfortunately, 
mostly reactive. That is, HBOT is utilized only 
after a complication has arisen. Another con-
sideration that often is not appreciated is that 
the more impaired the host—for example, 
from increasing age, shock, peripheral artery 
insuffi ciency, smoking, among other factors—
the more likely complications will arise from 
injuries of similar severities.2

Questions about Using Hyperbaric 
Oxygen Therapy for Crush Injuries

With this background, two questions arise with 
respect to using HBOT for the management of 
crush injuries. First, is there evidence-based in-
formation, both basic science and clinical, that 
justifi es the use of HBOT for crush injuries? Sec-

ond, can classifi cation systems, both for injury 
severity and competency of the host, be used to 
objectify the indications for using HBOT for 
crush injuries? This chapter answers both ques-
tions; it substantiates the use of and defi nes the 
specifi c indications for HBOT in crush injuries.

CLASSIFICATION SYSTEMS 
FOR CRUSH INJURIES

Clinical Judgment

Three classifi cation systems provide guidelines 
for the management of crush injuries. Clinical 
judgment based on experience is the factor 
most frequently used by trauma surgeons and 
orthopedists. The result is a classifi cation of crush 
injuries along a continuum of word descriptions 
from mild to moderate to severe to the point 
of being limb threatening (see Table 20.1). Mild 
injuries are expected to heal with minimal inter-
ventions and the absence of complications. Uni-
formly good results are anticipated in moder-
ate injuries with appropriate surgical and 
orthopedic interventions. However, the host 
status needs to be factored into this group, and 
if complications arise, they can usually be at-
tributed to an impaired host status. Finally, se-
vere injuries are those where there is a high 
likelihood that complications will arise. Clini-
cal fi ndings for this group include: (1) loss of 
soft tissues, (2) marginally viable soft tissues, 
(3) major arterial injury, (4) missing bone, 
(5) markedly comminuted and/or displaced 
fractures, and (6) massive contamination or 
combinations of these fi ndings. As more and 
more of these fi ndings accompany the injury, 
complications such as nonunion, refractory 
osteomyelitis, loss of function, and limb ampu-
tation increase predictably. Primary or delayed 
amputation is required in the worse-case sce-
narios. This outcome increases in direct pro-
portion to the degree of host impairment.

Gustilo Grading of Open Fractures

The Gustilo classifi cation1,4 is widely used by 
traumatologists. It is based on the amount 
of soft-tissue injury associated with an open 
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fracture. In grade I fractures, the open wound 
occurs from inside-to-out and there is minimal 
associated soft-tissue injury. Gustilo and co-
workers4 subsequently reported that compli-
cations are only slightly greater than for simi-
lar type closed fractures. Grade II fractures 
have associated soft-tissue injuries of the lac-
eration, skin avulsion type, and in healthy 
hosts, healing complications are only slightly 
greater than in the similar closed fracture.4 
Gustilo Type III open fractures have a crush 
component. After review of his initial observa-
tions, Gustilo found it necessary to subdivide 
the Type III fractures into A, B, and C groups 
because each has such different outcomes.4 
In grade III-A open fractures, suffi cient soft 
tissue exists to cover the bone/fracture site 
after debridement has been completed. In 
grade III-B open fractures, exposed bone re-
mains after the initial debridement, thereby 
requiring secondary coverage/closure proce-
dures or allowing the wound to heal by sec-
ondary intention. In grade III-C open fractures, 
there is a concomitant injury to the major 
blood supplies to the extremity. In the healthy 
host, complication rates in the 50% range are 
observed in Gustilo Types III-B and III-C open 
fracture-crush injury even with optimal stan-
dard of practice surgical and orthopedic inter-
ventions.4 Criticisms of the Gustilo classi-
fi cation system include poor interobserver 
reliability and the observation that serious 
crush injuries and fractures with or without 
blood vessel injury can occur in the absence 
of open wounds, such as is often seen in 
closed fractures and joint dislocations.

Mangled Extremity Severity Score

Another classifi cation for crush injuries was 
generated by Johansen and colleagues2 to 
provide objective criteria for justifying pri-
mary amputation in the mangled extremity. 
Four assessments—(A) skeletal/soft-tissue in-
jury, (B) limb ischemia, (C) shock, and (D) 
age—are graded on varying whole-number 
scales from 0 to 2 (e.g., shock) to 1 to 4 
(e.g., skeletal/soft-tissue injury). The higher 
the number, the more serious the problem is 

for each assessment. The authors proposed 
that a Mangled Extremity Severity Score 
(MESS) of 7 or greater provided objective 
criteria for and justifi ed primary limb ampu-
tation. Although use of the MESS score ap-
pears to be limited to a few academic trauma 
centers, the score does take into consider-
ation not only the extent of the injury, but 
also the host status as refl ected by shock, 
perfusion, and patient age. Obviously, MESS 
scores of 7 or greater are those that corre-
spond to the most serious injury—to the 
point of being limb threatening for the clini-
cal classifi cation system and the ones de-
scribed as “severe” Type III-B and/or III-C 
injuries in the Gustilo classifi cation.

Host Status

The importance of host status as a predictor 
of outcomes may be as important as the sever-
ity of the injury and the quality of care pro-
vided. Cierney and coauthors5 appreciated 
this when they added a host status subclassifi -
cation to a standard classifi cation of osteomy-
elitis. They proposed a three-level host classifi -
cation: A � normal host; B � compromised 
host (subclassifi ed as “S” for systemic and “L” 
for local); and C � inappropriate host for sur-
gical interventions, that is, the infection is so 
mild or the cure might be worse than the dis-
ease. Unfortunately, its narrow scope provides 
only limited applications to crush injuries. 
Nonetheless, it did provide somewhat objec-
tive criteria for using HBOT for refractory os-
teomyelitis. For example, if the host was com-
promised (B host) and a sequestrum was 
present, they recommended HBOT be used as 
an adjunct to surgical and antibiotic manage-
ment. With this precedent, the fi rst author 
generated a host status score that is simple to 
use (similar to the fi ve-criteria 0-to-10-point 
Apgar score used in assessing the vitality of 
the newborn), objective, and applicable not 
only to crush injuries, but also to a variety of 
surgical and orthopedic conditions including 
refractory osteomyelitis and problem wounds 
(Table 20.2). Integration of the crush injury 
classifi cation systems with the host-function 
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score provides criteria for making decisions 
regarding whether HBOT is indicated for cr-
ush injuries (Fig. 20.1).

PATHOPHYSIOLOGY 
OF CRUSH INJURIES

Macroscopic Injury to Tissues

Crush injuries have macroscopic, microscopic, 
and biochemical components. The components 
are interrelated, and especially for the micro-
scopic and biochemical components, a predict-
able cascade of events occurs. Two factors, 
edema and hypoxia, unify the pathophysiology 
(Fig. 20.2). Macroscopic components of crush 
injuries include damage to soft tissues, interrup-
tion of nerve and blood supplies, and fractures. 
The clinical examination supplemented with 
imaging studies is usually suffi cient to defi ne 

the extent of the macroscopic injury and clas-
sify the injury into one of the types described 
previously (see Fig. 20.1). Each level of tissue 
provides clues as to the seriousness of the injury 
(see Table 20.1). For example, from the external 
appearance of the skin, contusion, ischemia, 
and avulsion are readily appreciated. Palpation 
provides information about injury to the deeper 
soft tissues such as swelling, cavitation, and 
hematoma formation, as well as the neurovascu-
lar status of the extremity distal to the injury. 
Inspection of alignment, testing for stability, and 
radiographs demonstrate the location, amount 
of comminution, and/or the displacement of 
the fracture. More involved imaging techniques 
(computerized tomography, magnetic resonance 
imaging, angiography, magnetic resonance angi-
ography, and/or nuclear medicine scans) may 
be necessary to supplement the physical ex-
amination and plain radiographs when addi-
tional information is required.

Table 20.2 Host-Function Score (Strauss)

GRADE*

ASSESSMENT 2 POINTS 1 POINT 0 POINTS

Age, yr† �40 40–60 �60
Ambulation‡ Community Household None
Cardiac/renal status (whichever gives the lower score) Normal is 

acceptable
Impaired Decompensated/end stage

Smoking/steroid use (whichever gives the lower score) None Past Current
Neurologic impairment None Some Severe

To determine host-function score, sum the points for each assessment. Score interpretations are as follows: healthy host—8 to 10 points; impaired, but 
compensated host—4 to 7 points; decompensated host—0 to 3 points.

*Half points may be used between the whole number grade points to indicate the fi ndings are mixed or intermediate between two fi ndings.
†Subtract half a point if diabetes or collagen vascular disease coexists.
‡Subtract half a point if walking aids are used.
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Increasingly Stronger

Indications for HBOT

Severity

Figure 20.1 Integration of the host-
function score and crush injury classifi cations 
systems as indications for hyperbaric oxygen 
therapy (HBOT). The more compromised the 
host, the greater the indication for using 
HBOT as an adjunct for the management of 
crush injuries. The shaded area indicates the 
authors’ recommendations for using HBOT in 
crush injuries. As the severity of the injury 
increases (moving to the right side of the 
fi gure), the indications become even stronger 
because predictable complication rates are 
so high with “standard of practice” surgical 
and medical interventions alone.
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Kinetic Energy Transfer

Damage from crush injuries occurs because of 
the transfer of kinetic energy from an object to 
the tissue. The object may be stationary and the 
body parts the source of the kinetic energy, 
such as being hurled from a motorcycle and 
hitting the ground, or vice versa, such as a bum-
per injury from a moving motor vehicle striking 
the leg of a stationary pedestrian. The kinetic 
energy transfers can be enormous. For com-
parison purposes, the kinetic energy transfer of 
stepping off a 1-foot curb and fracturing a hip 
may be as little as 50 foot pounds. For a pedes-
trian versus car bumper injury, the kinetic en-
ergy transfer to tissues can be 200 times greater, 
or 10,000 foot pounds. This enormous transfer 
of energy may immediately destroy the soft tis-
sues that receive the brunt of the energy trans-
fer. Typically, a gradient of injury results from 
uninjured to nonviable tissue (see Fig. 20.1). 
The tissues in between may have various de-
grees of injury. Outcomes largely rest on how 
these intermediately injured tissues are handled, 
a target area for HBOT that is discussed in the 
next section.

Seriousness of Injury

Intact skin in the injury area is not always a 
sign that the deep tissues are not seriously 
injured. Some injuries may be deceptive, espe-
cially around the knee joint where disloca-
tions, displacement of bony fragments, and/or 
cavitation can cause much more severe injury 

than superfi cial inspection may suggest. These 
are the types of injuries that are prone to neu-
rovascular damage. Blood vessels and nerves 
cross joints in protective sheaths or tunnels 
that allow little displacement yet permit bend-
ing through the range of motion of the joint. 
Generally, the neurovascular injury can be ap-
preciated from the examination, but its precise 
location must be ascertained with imaging 
studies such as angiography to determine what 
vascular interventions are required. The skele-
tal muscle-compartment syndrome is another 
condition where the external appearance of 
the injury site may be deceptive and not 
refl ect the seriousness of the underlying in-
jury. This is especially the situation in closed 
fractures of the leg and the forearm.

Microcirculation Pathophysiology

Direct Injury

Well-described pathologic events in crush in-
juries occur at the microcirculation level. The 
insults can be direct, indirect, or a combina-
tion of the two. Direct injury causes physical 
disruption of the microcirculation caused by 
the energy exchange from the injury. This 
causes bleeding and edema into the tissue 
spaces and renders the tissues supplied by the 
microcirculation devoid of a blood supply. If 
the tissues are not immediately destroyed by 
the energy exchange, they may ultimately suc-
cumb to an ischemic death from the lack of 
blood supply. This is manifested by demarca-
tion between viable and dead tissues that may 

Crush InjuryCauses
Macro vessel injury

Stasis & sludging in
 the microcirculation

Hypotension

Reperfusion injury

Collapse of 
microcirculation
(compartment 

syndrome)

Hypoxia Edema

Diffusion distance of O2 
from the capillary to the cell

Causes
Pre-injury reflex 

vasodilation

Capillary 
leak

Bleeding

Cellular
leak

Osmotic 
changes

Interruption of 
venous outflow

Anemia &
hypovolemia

Figure 20.2 The self-perpetuating effect 
of hypoxia and edema in contributing to the 
pathophysiology of crush injury. Hypoxia and 
edema are the common fi nal denominators 
of crush injury pathophysiology. Many causes 
contribute to each. Hypoxia is compounded 
by the limited diffusion distance of O2 from 
the capillary to the cell. As the cycle contin-
ues, the injury progresses, especially wound 
hypoxia, which becomes a strong argument 
for using hyperbaric oxygen therapy.
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take several days to several weeks to be fully 
appreciated. The physical trauma of direct 
injury can also contribute to the cascade of 
events that occur at the biochemical level 
such as alterations in the fl ux of fl uids and 
electrolytes into and out of the cell.6

Indirect Injury

Indirect microscopic events occur in both 
the microcirculation and the tissues them-
selves (see Fig. 20.2). In the microcircula-
tion, sludging of cellular elements, as well as 
platelets and stasis, occurs from physical, 
sublethal trauma to the vessel walls, slowing 
of blood fl ow caused by bleeding and shock, 
external compression on the vessel walls 
from swelling, and reperfusion injury.6,7 Ex-
ternal compression of the vessel walls and 
eventual collapse of the microcirculation 
defi nes the pathophysiology of the skeletal 
muscle-compartment syndrome. Edema ac-
cumulates because of physical trauma cou-
pled with the response of tissues to isch-
emia. The cells comprising the tissues are no 
longer able to hold their intracellular water, 
resulting in fl uid leakage into the extracellu-
lar tissue. Edema is the clinical manifestation 
of this indirect microcirculation effect.

A physiologic response to ischemia is re-
gional vasodilation in the intact vasculature 
proximal to the injury. Although, at fi rst con-
sideration, increased blood fl ow to an isch-
emic area would seem desirable, with injury 
to the microcirculation, it can be counterpro-
ductive for two reasons. First, if the continuity 
of the blood vessel is disrupted, bleeding oc-
curs into the tissues. Second, if there is stasis 
in the microcirculation, the blood within the 
vessel essentially has no place to go. The con-
sequences are an increased pressure head for 
transudation and edema formation. Once sta-
sis occurs, a cascade of events results with 
clotting, Rouleaux formation of red blood 
cells, and initiation of a variety of biochemical 
events.8 In essence, the unifying factor of the 
microscopic injury is that of a hypoxic insult 
to tissues. Consequently, supplementation of 
tissue oxygenation is a desirable intervention 
and something that HBOT offers.

Biochemical, Cellular, and Molecular 
Aspects

The pathophysiology of crush injury at these 
levels includes events caused by direct me-
chanical stress and events triggered by reper-
fusion of the tissue. If direct trauma to the 
muscles is severe enough, rhabdomyolysis 
occurs.7 In normal muscle tissue, there is a low 
concentration of sodium and a high concen-
tration of calcium. Mechanical disruption of 
the cell (by direct trauma as in a crush injury) 
opens stretch-activated channels in the muscle 
cell membrane, resulting in the infl ux of fl uid 
and electrolytes including sodium and cal-
cium.6 The cell becomes edematous, and the 
increased intracellular concentration of cal-
cium activates cytoplasmic proteases that lead 
to the degradation of fi brillar proteins and de-
creased adenosine triphosphate production 
because of inhibition of cellular respiration.7 
With loss of the energy source to drive the 
sodium pump, the cell will swell until it bursts.7 
This further contributes to the microcircula-
tion pathophysiology described previously.

Ischemia-Reperfusion Injury

Ischemia-reperfusion (IR) injury is a biochemi-
cal injury that is mediated by complex mecha-
nisms including a variety of different cells and 
proinfl ammatory compounds (Table 20.3). It 
exerts local and systemic effects that are pro-
portional to the ischemic time and the amount 
of affected tissue.8,9 The degree of injury also 
depends on the specifi c tissue involved; obvi-
ously, some tissues are more tolerant to isch-
emia than others.10 For example, after 2 hours 
of ischemia, skeletal muscle sustains minimal 
structural damage and completely recovers its 
metabolic functions once its blood supply is 
restored; however, after 7 hours of ischemia, 
severe, irreversible muscle injury is the out-
come.11 IR injury is a predictable response in 
higher organisms when tissues sustain a tran-
sient interruption of blood fl ow. Although on 
superfi cial inspection it appears destructive, 
the teleologic effect appears to be that of 
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isolating irreversibly damaged tissues from the 
rest of the organism, thereby preserving the 
organism at the expense of the IR-injured 
tissues. The IR injury, as it relates to crush inju-
ries in particular and all ischemic injuries in 
general, has the following components: endo-
thelium and vascular dysfunction, adhesion 
molecules, reactive oxygen species (ROS), 
proinfl ammatory cytokines and signaling path-
ways, the complement system, and the ubiquitin-
proteasome system.

Endothelium and Vascular Dysfunction

The crucial role of the endothelium in the IR 
injury is becoming better defi ned.12,13 The en-
dothelium is a multifunctional, dynamic struc-
ture that regulates blood fl ow, permeability, 
and cell traffi cking functions in a biphasic 
manner, quiescent or activated.14 Quiescent 
endothelial cells have an anticoagulant, antiad-
hesive, and vasodilatory phenotype. Activated 
endothelial cells express procoagulant, proad-
hesive, and vasoconstrictive properties.15 The 
endothelium is normally bathed by fl owing 
blood and surrounded by underlying paren-
chymal cells, and thereby is exposed to circu-
lating blood cells, pH, pressure, oxygen con-
tent, and soluble plasma proteins. Physiologic 
and dysfunctional responses of the microcir-
culation endothelium vary with the level of 
the vasculature.16,17

Arterioles

Impaired endothelium-dependent vasodilation 
occurs secondary to the ischemic-hypoxic in-
sult.18,19 Vasospasm after reperfusion is thought 
to be caused by impairment of nitric oxide 
(·NO) production.20 ROS are not likely to be 

the cause of impaired endothelium-mediated 
vasodilation.21

Capillaries

Inadequate restitution of perfusion to ischemic 
muscles—the so called no-refl ow phenomenon—
arises from red blood cell sludging (rouleaux 
formation), leukocyte recruitment, and/or acti-
vated platelets.22–25 The backup in fl ow dis-
rupts the normal capillary fi ltration, tissue fl uid 
resorption balance with the net effect of inter-
stitial edema formation.25 When the interstitial 
fl uid pressure exceeds the capillary perfusion 
pressure, the microcirculation collapses. This 
defi nes the pathophysiology of the skeletal 
muscle-compartment syndrome.25

Postcapillary Venules

Release of ROS is mediated by interaction of 
neutrophils, platelets, and endothelial adhe-
sion molecules.26

Adhesion Molecules

Cell adhesion molecules, predominantly selec-
tins, integrins, and immunoglobulins, mediate 
leukocyte (and platelet)-endothelial cell inter-
actions in the microvasculature and are rele-
vant to the IR injury27 (Table 20.4).

Selectins

After an ischemic insult, selectins interfere 
with leukocyte rolling.26 Further activation 
results in fi rm adhesion and then transendo-
thelial migration of the neutrophil with subse-
quent release of ROS.28 This is mediated by 
the interaction of integrins and cell adhesion 

Table 20.3 Infl ammatory Mediators

CELLULAR ELEMENTS
PHYSIOLOGICALLY ACTIVE 
SUBSTANCES ENZYME AND HORMONE-LIKE

ELEMENTS 
AND MOLECULES

Endothelium
Leukocytes
Macrophages
Platelets

Adhesion molecules
Complement (alternate pathway)
Prostaglandins

Cytokines (proinfl ammatory)
Leukotrienes
Phospholipases
Proteosomes
Thromboxanes

Calcium
Reactive oxygen species 
(superoxides, hydrogen 
peroxide, peroxynitrite)
Nitric oxide
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molecule immunoglobulins.27 Blockage of cell 
adhesion molecule in human trials using 
monoclonal antibodies, as opposed to animal 
models, has not been effective in trauma, 
stroke, myocardial infarction, and neonatal 
cardiopulmonary bypass.29

Reactive Oxygen Species

ROS are radicals, also known as oxygen free 
radicals, that are distinguished by having an 
unpaired electron in their outer orbit. This 
gives them the ability to oxidize many bio-
logic molecules such as lipids, proteins, and 
ribonucleic acids.30 They are also involved in 
many physiologic reactions in organisms.31 
Much has been learned about ROS since 1954 
when they were found to be mediators of 
radiation injury.32–38

The superoxide anion (�O2
�) is the pri-

mary ROS. It interacts with other molecules 
to generate secondary ROS.39 The secondary 
ROS are the singlet oxygen, superoxide, and 
hydroxyl radicals. Characteristics of ROS 
include30–39:

• High instability and reactivity
• Promotion of chain reactions (e.g., lipid 

peroxidation)
• Generation of more ROS
• Short half-life (microseconds to seconds)
• Poor diffusion through cell membranes

In addition to oxygen radicals, chlorine 
and nitrogen radicals are involved in many 
biochemical reactions including IR injury.40 
·NO appears to be one of the most important 

molecules in this group. It is synthesized by a 
family of enzymes, nitric oxide synthases 
(NOSs), that convert L-arginine into ·NO and 
citrulline. ·NO is a vasodilator, and this effect 
protects the endothelium during reperfusion. 
At least two forms of the enzyme are present 
in endothelial cells: (1) endothelial NOS, 
which is constitutively expressed, and (2) an 
inducible form. The inducible form releases 
·NO in larger quantities during infl ammatory 
and/or immunologic defense reactions, and it 
is involved in host tissue damage.41 It is up-
regulated by infl ammatory stimuli such as 
endotoxins, cytokines, and lipid mediators.42

In endothelial cells, NOSs compete with ar-
ginase for L-arginine. Arginase activity increases 
after IR injury, potentially depleting the pool 
of L-arginine necessary for ·NO production.43 
This may explain why vasodilation is impaired 
after IR injury of skeletal muscle.18,19 Paradoxi-
cally, inhibition of inducible NOS has been re-
ported to exacerbate injury in certain situa-
tions, suggesting that this form of NOS is 
protective as well.44

Sources of ROS relevant to the skeletal 
muscle IR injury are the enzymes xanthine 
oxidase and neutrophil-derived nicotinamide 
adenine dinucleotide phosphate (NADPH) 
oxidase.45 Xanthine oxidase usually exists in 
nonischemic, healthy cells predominantly as 
an oxidized nicotinamide adenine dinucleo-
tide (NAD�)–dependent dehydrogenase.45 
Ischemia promotes conversion of xanthine 
dehydrogenase to xanthine oxidase with 
concomitant adenosine triphosphate utiliza-
tion, resulting in the accumulation of the 

Table 20.4 Adhesion Molecules Associated with Ischemia-Reperfusion Injury

FAMILIES STRUCTURE TYPES LOCATION LIGAND FUNCTION

Immunoglobulins Immunoglobulin-like ICAM-1, ICAM-2, 
PECAM-1, and 
VCAM-1

Endothelium CD11/CD18 Adherence, 
emigration

Integrins Glycoproteins with 
two subunits (�, 	)

CD11/CD18 Leukocytes ICAM-1, ICAM-2 Adherence

Selectins Lectin-like E-, L-, and 
P-selectins

Endothelium, leukocytes 
and platelets

E-, L-, and P-selectins Rolling

CD, cluster of differentiation; E, endothelial; ICAM, intercellular adhesion molecule; L, leukocyte; P, platelets; PECAM, platelet endothelial adhesion molecule; 
VCAM, vascular cell adhesion molecule.
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breakdown products, xanthine and hypoxan-
thine.45 These breakdown products act as 
substrates for xanthine oxidase, which pro-
duces ROS during reperfusion when molecu-
lar oxygen is introduced.45 Xanthine oxidase 
is localized in the sarcolemma and mitochon-
dria of aerobic muscle fi bers, and also is 
found in large quantities in capillary endo-
thelial cells of skeletal muscle.46,47

The other relevant source of ROS in IR in-
jury is neutrophil-bound NADPH oxidase.48 
This enzyme oxidizes cytoplasmic NADPH to 
NADP�. This reduces molecular oxygen to 
superoxide, which can dismutate to form hy-
drogen peroxide, with the reactions generat-
ing the “respiratory burst” of the neutrophil.48 
Activated neutrophils also contain a variety 
of granular enzymes, some of which are in-
volved in ROS production such as myeloper-
oxidase, which is not released except under 
pathologic conditions.

The effects of ROS are counterbalanced 
and/or regulated by several antioxidant 
mechanisms. Enzymatic mechanisms occur 
via superoxide dismutase, catalase, and glu-
tathione peroxidase. Nonenzyme agents in-
clude vitamin E, vitamin C, beta-carotene, 
and heme-binding proteins such as ceru-
loplasmin, transferrin, haptoglobin, and al-
bumin.49

Proinfl ammatory Cytokines and Signaling 
Pathways

Most cytokines normally are not detectable 
in healthy individuals. During serious ill-
nesses and after trauma, cytokine level in-
creases are common.50 Within minutes to 
hours after reperfusion, active transcription 
of proinfl ammatory molecules, for example, 
tumor necrosis factor (TNF)-�, interleukin 
(IL)-1, and IL-6, begins. IL-6, which is pro-
duced from most cells, is induced by TNF-� 
and IL-1.50

Neutrophils are activated by IL-6 during 
injury in direct proportion to the extent of 
tissue damage; hence, IL-6 may be a prognos-
tic marker.51,52 Macrophages and neutrophils 
are the main sources of TNF-� and IL-1. These 

cytokines are up-regulated by ischemia.53,54 
Intracytoplasmic events are triggered by 
receptors of TNF-�, including activation of a 
nuclear factor that leads to apoptosis.55 This 
nuclear factor acts as a transcriptor for 
gene expression of many inflammatory 
mediators.56

Cellular damage induced by ROS and other 
infl ammatory compounds activate a complex 
intracellular pathway mediated by caspases 
(intracellular cysteine proteases) that lead to 
apoptosis.57 Caspase inhibition has been ob-
served to increase tolerance to ischemia and 
reduce apoptotic cell death in laboratory 
studies.58,59

Complement System

The complement system is an innate host 
defense and its role in IR injury is well estab-
lished.60 Production of complement compo-
nents is regulated by proinfl ammatory cyto-
kines, primarily TNF-� and IL-6.

The complement system is activated by 
three pathways: (1) the classical antigen-
antibody–dependent pathway; (2) the lectin 
pathway; and (3) the alternative pathway. All 
three pathways converge on complement 
component 3 (C3).60,61 Its inhibition leads to 
complete blockade of complement activa-
tion.61 During IR injury, several activated 
components of the complement system up-
regulate cell adhesion molecule and recruit 
infl ammatory cells.60 Blockade of these acti-
vated components is a strategy that has been 
tried to ameliorate IR injury but has had 
mixed results.62

Ubiquitin-Proteasome System

The ubiquitin-proteasome system is a nonlyso-
somal, multicatalytic proteinase pathway that 
has a central role in degradation of intracellu-
lar proteins.63 It is postulated that ubiquitin-
proteasome system inhibition ablates the up-
regulation of nuclear factors that lead to 
apoptosis, and it has been studied in the IR 
injury of the brain, heart, liver, and skeletal 
muscle.64–68
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MECHANISMS OF HYPERBARIC 
OXYGEN THERAPY APPLICABLE 
TO CRUSH INJURIES

Hyperoxygenation

Primary and secondary mechanisms occur 
with the inhalation of pure oxygen at greater 
than 1 atmosphere absolute (ATA) of pressure—
the defi nition of HBOT. The primary mecha-
nisms are hyperoxygenation, a transient effect, 
and reduction of bubble size. Secondary 
mechanisms occur as a consequence of the 
tissues’ responses to increased oxygen ten-
sions in the plasma and tissue fl uids that result 
from hyperoxygenation (Table 20.5). Whereas 
effects from the primary mechanisms usually 
occur immediately, the effects from the sec-
ondary mechanisms take time to occur, justify 
repetitive oxygen treatments, tend to be long 
lasting, and contribute signifi cantly to the 
desired outcomes observed from HBOT. Re-
gardless, when HBOT is used, hyperoxygen-
ation is the mechanism that predominates the 
decision making for justifying the use of this 
therapeutic modality.

The effect of breathing increased pressures 
of oxygen has a physiologic basis. It results 
in increased oxygen in the plasma in direct 

proportion to the pressure of the inhaled oxy-
gen. This supplements hemoglobin oxygen 
delivery to tissues and is no more fl ow depen-
dent than transport of other physically dis-
solved substances in the bloodstream. In low-
fl ow states, sludging and stasis of the cellular 
elements in the microcirculation, or severe ane-
mia, the hyperbaric oxygen laden plasma con-
tinues to stream through the microcirculation 
and provide oxygen for diffusion from the cap-
illary to the surrounding tissue fl uids.69 In the 
immediate period after the crush injury when 
oxygen demands of the tissues are likely to be 
the greatest and tissue viability is most at risk, 
oxygen availability is low due to compromised 
fl ow in the microcirculation. This is an impor-
tant indication and provides the rationale for 
the immediate use of HBOT in crush injuries.

Effects of Hyperoxygenation

The hyperoxygenation effects of HBOT are 
threefold69 (Fig. 20.3). At a typical treatment 
pressure of 2 ATA, the plasma and tissue fl uid 
oxygen tensions increase 10-fold from about 
100 and 30 mm Hg, respectively, to more than 
1000 mm Hg in the plasma and more than 
300 mm Hg in the tissue fl uids.70 Second, as a 
consequence of the hyperoxygenation of the 
plasma, the oxygen-carrying capacity of the 

Table 20.5 Secondary Effects of Hyperoxygenation (see Fig. 20.3)

PERTINENT TO CRUSH INJURIES OTHER SECONDARY EFFECTS

EFFECT COMMENT EFFECT COMMENT

1. Vasoconstriction �-Adrenergic-like effect 5. Inert gas and carbon 
monoxide washout

A hyperoxygenation effect that rapidly 
cleanses the blood of these gases

2. Function of host cellular 
factors in wound healing

30–40 mm Hg O2 tensions 
in the tissues fl uids required

6. Microbiologic HBOT has direct effects on bacteria 
killing (anaerobes) and cessation of 
toxin production (gas gangrene)

3. Perturbation of the IRI The IRI is probably the fi nal 
common pathway in tissue 
damage from crush injuries

7. Alteration of the 
blood–brain barrier

A possible mechanism to increase 
delivery of antibiotics and other 
drugs to the brain and spinal cord

4. Preservation of RBC 
deformability

The 7-
m-wide RBCs must 
elongate to pass through 
the 5-
m-wide capillary

8. Isobaric counterdiffusion Gas exchange in bubbles (O2 in; inert 
gas out)

HBOT, hyperbaric oxygen therapy; IRI, ischemia-reperfusion injury; RBC, red blood cell.
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blood is increased by 25% from approximately 
20 volumes percent to about 25 volumes per-
cent. The third effect of hyperoxygenation is a 
threefold increase in the diffusion distance of 
oxygen through tissue fl uids and relative barri-
ers such as edema, cicatrix, exudates, nonvia-
ble bone, cartilage, and the ischemic margins 
of a wound. These hyperoxygenation effects 
are transient, lasting during the HBOT period 
and continuing in the subcutaneous tissues 
for a 4-hour period and in the muscles for 
1.5 hours.70 Two important effects occur as a 
consequence of hyperoxygenation. First, dur-
ing the period of transient hyperoxia using 
standard treatment pressures, almost enough 
oxygen is carried physically dissolved in the 
plasma to meet tissue oxygen requirements—
even without red blood cells.71 Second, the 
transient increases of oxygen in the tissues 
provide an oxygenated environment suffi cient 
for the secondary mechanisms of HBOT to 
begin their actions.

Secondary Effects 
of Hyperoxygenation

Vasoconstriction

In the presence of hypoxia, tissue functions 
such as those necessary for wound healing 
and infection control are idle.72 Hyperoxygen-
ation has the potential to provide an oxygen-
ated environment in the tissues suffi cient for 
these functions to resume.69,72 There are mul-
tiple secondary mechanisms of hyperoxygen-

ation; four have special pertinence to crush 
injuries. The fi rst of these is vasoconstriction. 
This is a generalized effect in the vasorespon-
sive elements of the vascular system analogous 
to that seen with �-adrenergic agents. Vaso-
constriction from hyperoxygenation reduces 
infl ow by 20%, whereas oxygenation is main-
tained through hyperoxygenation.73 With de-
creased infl ow, yet maintenance of venous 
outfl ow, edema is reduced.74,75 Benefi ts of 
edema reduction are twofold: First, oxygen 
availability is increased through reduction of 
the diffusion distance for oxygen through tis-
sue fl uids from the capillary to the cell; and 
second, reduced external pressure on the 
microcirculation improves fl ow.75 For these 
effects to occur from HBOT, there still must be 
perfusion, even if only of the plasma, through 
the capillary bed. For example, in the fully 
manifested skeletal-muscle compartment syn-
drome, fl ow is obliterated in the microcircula-
tion because the pressure of the edema fl uid 
in the confi ned space of the injury exceeds 
that of the capillary perfusion pressure.75

Host Wound Healing Elements

Host factors such as fi broblast function, neu-
trophil oxidative killing, and osteogenesis are 
oxygen dependent.72 If oxygen tensions in the 
wound environment are less than 30 mm Hg, 
as is anticipated in severe crush injuries, these 
wound healing and infection-controlling cells 
are unable to function.72,76 As stated earlier, at 
the time the oxygen demands for the wound 

Hyperoxygenation

10-fold 
Plasma and Tissue O2

Tensions

125% 
Blood Oxygen 

Content

3-fold
O2 Diffusion through

Tissue Fluids & 
Relative Barriers

Secondary Effects of Hyperoxygenation (See Table 5)
(Vasoconstriction, Effects on Host Cellular functions, Reperfusion Injury, etc.)

Figure 20.3 Hyperoxygenation effects of 
hyperbaric oxygen therapy. The three effects 
depicted above begin immediately on pres-
surization with hyperbaric oxygen. They lead 
to secondary effects. Whereas the hyperoxy-
genation effects are transient, the secondary 
effects tend to be long lasting and responsi-
ble ultimately for the salvage of tissue and 
healing of wounds.

              



CHAPTER 20 Crush Injuries 439

site are greatest, they are likely to be at the 
lowest of any time in the course of wound 
healing. This is the time when the host factors 
are mobilized to the wound site and initiate 
their wound healing and infection control 
functions.72 It is a paradox that whereas mea-
sures to enhance blood oxygen saturations, 
monitored by pulse oximetry, are a standard of 
practice, the use of HBOT to improve oxygen 
availability to the crush injury site, and verifi -
able by juxtawound transcutaneous oxygen 
measurements, is not.

Role of Oxygen for Wound Healing

Oxygen is necessary for these wound healing 
factors to function. Without suffi cient oxygen 
tensions in the wound margins, fi broblasts are 
unable to migrate to the wound site, multiply, 
and generate their matrix substances.72 This 
latter function provides a substrate, that is, the 
matrix, for the amino acid precursors of wound 
healing such as lysine and hydroxylysine to 
initiate collage formation and heal the wound.72 
The other crucial function of the matrix is that 
it provides a scaffold for angiogenesis to re-
store the blood supply destroyed by the in-
jury.72 Without this activity the center of the 
wound will remain hypoxic and the wound 
will go on to a nonhealing state. Neutrophils 
likewise require tissue oxygen tensions at the 
30- to 40-mm Hg range to generate the super-
oxides, peroxides, and halide species used to 
kill bacteria.76 It is logical that the optimal 
time to complement the surgical and antibi-
otic measures to control the contamination 
introduced at the time of wounding is before 
the microorganisms begin multiplying at ex-
ponential rates. This is the time when the 
wound margins are most likely to be hypoxic 
and provide insuffi cient oxygen tensions for 
neutrophils to kill bacteria. Without function-
ing neutrophils, administration of antibiotics 
and surgical debridements often are inade-
quate to control infection The cells necessary 
for bone healing, especially the osteoclast, 
which is responsible for remodeling and re-
sorbing dead bone, also require high oxygen 
tensions to function.69

Ischemia-Reperfusion Injury

Most in vitro and animal models utilizing HBOT 
for the IR injury in a variety of tissues demon-
strate positive results.77 Several studies have 
demonstrated decreased endothelial adhesion 
of neutrophils and improved survival of axial 
fl aps, brain, muscle, and lung tissue with 
HBOT.78–84 In a rat carbon monoxide model, the 
mechanism for the above observations ap-
peared to be the down-regulation of cell adhe-
sion molecules, specifi cally the B-integrin.85–87 
Other studies suggest that the perturbation for 
neutrophil adherence with HBOT is due to en-
dothelial intercellular adhesion molecules.88–90 
Several studies have demonstrated the benefi -
cial effects of HBOT in decreasing proinfl amma-
tory cytokines both in animals and humans.91,92 
In rat hemorrhagic shock and intestinal isch-
emic models, HBOT attenuated messenger RNA 
expression91,92 and plasma levels of IL-6 and 
TNF-�. Although high concentrations of oxy-
gen generate oxidative stresses, adaptive mech-
anisms to these have been identifi ed including 
production of heme oxygenase-1, inducible 
heat shock proteins, catalase, and superoxide 
dismutase.93–102 Reports on the effects of HBOT 
on apoptosis are mixed.103–107

Red Blood Cell Deformability

Because the erythrocyte diameter is 7.5 
m, it 
must deform (elongate) to pass through the 
5-
m-wide capillary. As red blood cells age, 
they lose their ability to deform. When this oc-
curs, they are removed by the reticuloendo-
thelial system and their contents are recy-
cled.108 Rouleau formation, as is associated 
with hypoxia in the microcirculation, and sep-
sis are conditions that interfere with red blood 
cell deformability.109,110 Red blood cells that 
are unable to deform will not pass through the 
capillary and off-load their oxygen to tissues. 
The consequences are tissue hypoxia and im-
paired ability to handle the bioburden intro-
duced with the open fracture. HBOT may have 
a possible role because maintenance of red 
blood cell metabolism including membrane 
function is oxygen dependent and HBOT has 
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been reported to improve red blood cell de-
formability.111 This secondary mechanism of 
HBOT may have contributed to increased sur-
vival reported in an animal sepsis model.112

CLINICAL EXPERIENCES 
WITH HYPERBARIC OXYGEN 
IN THE MANAGEMENT 
OF CRUSH INJURIES

Introduction and Literature Review

Although there are reports of nearly a thou-
sand case experiences using HBOT for crush 
injuries, almost all are retrospectively reported. 
The fi rst report on the successful use of 
HBOT was published in 1961.113 Subsequently, 
two literature reviews have been published. 
The fi rst review, published in 1981, is a litera-
ture search of all published reports to that 
date (Table 20.6),114 and second, published in 
2005, is an evidentiary review (Table 20.7).115 
In the 1981 review, cases were tabulated as to 
being published in the English language litera-
ture (63 patients)116–121 and the Soviet litera-
ture (634 patients).122–126 The fact that the 
preponderance of patients (87%) was from 
Soviet reports refl ects the strong interest of 
the then USSR (Union of Soviet Socialist Re-
publics) in this subject and their direct appli-
cation to crush, mangled extremity–type inju-
ries as would stem from the battlefi eld. In the 
more recent review, Eastern Association for 
the Surgery of Trauma (EAST) recommenda-
tions to evaluate original articles were uti-
lized.127 Eight reports met the inclusion crite-
ria for evidentiary information, but only one 
of the reports before 1981 (where outcomes 
were given primarily in subjective terms such 
as useful, improved, benefi cial, effective, etc.) 
had suffi cient statistical data to be included in 
the evidentiary review.119 One noteworthy 
observation from the 1981 review was that 
the outcomes improved as the frequency of 
treatments increased (see Table 20.6).

The following is a summary of the studies 
included in the evidentiary review of crush in-
juries with associated problems. In 1973, Székely 

and colleagues119 reported on 19 crush-type 
injuries including those with severe injury to 
the upper and lower extremities, vascular 
trauma, extensive skin loss, and anaerobic infec-
tions associated with open fractures. Five cases 
included enough information to be included in 
the evidentiary review, although the authors 
acknowledged the diffi culty they had in evalu-
ating the role of HBOT in the overall outcomes. 
Measurement of skin temperatures in the 
injured limb and the intact limb were recorded 
and compared. It was a favorable prognostic 
sign if the skin temperature increased during 
HBOT and did not decrease signifi cantly after 
the treatment was completed. The authors at-
tributed this observation to increased metabo-
lism of the injured tissues from the greater 
availability of oxygen as a consequence of 
HBOT. The authors concluded that HBOT has a 
role in some cases of severe limb damage. How-
ever, the assessment based on the fi ve patients 
with complete information does not reveal an 
obvious benefi t from HBOT.

Replantations: Chinese Experiences

A study from the Shanghai Sixth People’s Hospi-
tal in 1975 included 21 traumatic amputations 
or near-amputations of the limbs and fi ngers.128 
Eighteen cases involved the upper extremities, 
two cases involved single fi ngers, and one 
the lower extremity. The average time of limb 
ischemia before replantation was 16 hours with 
a range of 6 to 36 hours. All patients received 
HBOT after surgery. Limb survival occurred in 
10 of 15 detached limbs, including 2 fi ngers that 
were ischemic for less than 10 hours, and in 4 of 
6 patients with ischemic times greater than 
20 hours. This study is noteworthy for the high 
survival rates observed in those patients with 
prolonged ischemia times.

Vascular Injuries

In 1977, Monies-Chass and coauthors129 re-
ported outcomes on seven healthy young 
patients who suffered severe vascular trauma 
to their lower extremities and subsequently 
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received HBOT. The average time interval 
from injury to vascular repair was 9 (range, 
4–20) hours. All patients underwent standard 
vascular repair, but after surgery, the limbs re-
mained severely ischemic with accompanying 
fi ndings of cyanosis and swelling. HBOT was 
begun 1 to 2 days after the operations were 
completed, with 9.5 treatments being the av-
erage. Ischemia reversed in six patients, and 

progression of early gangrene of the toes was 
halted in one patient after HBOT. In this latter 
patient, amputations were limited to the toes. 
Functional outcomes of the nine cases were 
not mentioned in the report. Purported ben-
efi ts from HBOT were the reversal of ischemic 
changes in the threatened limbs and accelera-
tion of the demarcation process of the gangre-
nous toes.

Table 20.6 English and Soviet Union Citations Published on Crush Injuries—1981 Review114

FIRST AUTHOR (YEAR) TYPE OF INJURY NO. OF SUBJECTS OUTCOMES, COMMENTS

SOVIET CITATIONS PUBLISHED ON CRUSH INJURIES (N � 71)

Illingworth (1961)116 Limb ischemias 2 100% benefi t, massive gangrene 
averted; no HBOT information

Maudsley (1963)117 Crush injuries, open fractures 1 Apparent benefi t; possible compartment 
syndrome; no HBOT information

Slack (1966)118 Traumatic ischemias of lower 
extremities

22 HBOT at 2.5 ATA, 1–2 hours daily*; 59% 
“responded well ... HBOT worthwhile”

Székely (1973)119 Severe injuries of extremities 19 HBOT at 2–2.5 ATA, 2 hours; 10 treat-
ments; HBOT “useful” in 68%; from past 
experiences amputations would have 
been needed

Schramek (1977)120 Arterial injuries from battle 
casualties

7 HBOT at 2.8 ATA, 2 hours, 6 treatments/
day*; 100% salvage; HBOT reversed 
ischemia after arterial repair and 
prevented major amputations

Loder (1979)121 Crush injuries 20 HBOT at 2.5 ATA, 1 hour, 3 treatments/
day*; 50% complete recovery; 30% par-
tial recovery; 20% failure; HBOT speeded 
demarcation and improved survival in 
doubtful cases

SOVIET CITATIONS PUBLISHED ON CRUSH INJURIES (N � 634)

Lukich (1976)122 Peripheral ischemias, 
acute arterial obstructions, 
gangrene, slow-healing 
postoperative wounds)

325 69% good results, 21% moderate 
effects, 10% no benefi ts of HBOT; aver-
age of 12 HBOT treatments per patient

Davidkin (1977)123 Acute traumatic ischemias 
including open fractures, 
severed limbs, frost bite, etc.

134 HBOT effective in treating generalized or 
local hypoxia as a result of trauma; 
enhances local repair processes

Gismondi (1978)124 Arteriopathies 22 HBOT effective in curbing or limiting tis-
sue damage in more than half the cases

Isakov (1979)125 Open traumas of the 
extremities

91 Multiple benefi ts, both systemically and 
locally, including: (1) accelerated recov-
ery of neutrophil phagocytic activity, 
(2) quicker diminution of edema, 
(3) healing of fractures, and (4) preven-
tion of suppuration in stump wounds

Lukich (1979)126 Regional ischemias 62 HBOT resulted in variable, primarily 
favorable responses

*Note how outcomes improved as frequency of treatments per day increased: Schramek (100% salvage) with 6 treatments/day � Loder (80% complete or 
partial recovery) with 3 treatments/day � Slack (59% responded well) with 1 treatment/day.

ATA, atmospheres absolute; HBOT, hyperbaric oxygen therapy.
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Crush Injuries: Penetrating 
and Blunt Trauma

A 1987 report from the Israel Naval Hyper-
baric Institute by Shupak and coworkers130 
describes their experiences using HBOT as an 
adjunct to managing crush injuries of the ex-
tremities. Penetrating trauma accounted for 
fi ve injuries and blunt trauma for eight. All pa-
tients had extensive soft-tissue involvement 
and peripheral neurologic defi cits. Ten of the 
13 patients had associated major arterial inju-
ries. All patients had surgery including fasciot-
omies before starting HBOT. The average time 
from surgery to starting HBOT was 11.5 (range, 
0.5–36) hours. The indication for HBOT was 
worsening ischemia after surgery had been 
completed. The time delay from injury to start-
ing HBOT was not given. Examination of the 
injured extremity including skin color, swell-
ing, motor and sensory function, pulses, and 
skin temperatures at the line of demarcation 
between ischemic and healthy tissues was 
done before and after each HBOT treatment. 
HBOT was discontinued when no further im-
provement was noted after two successive 
treatments. Complete limb salvage was achieved 
in eight patients. Outcomes did not vary 
whether the injury was of the blunt or pene-
trating type. The authors conclude that HBOT 
is indicated after surgical treatment of crush 
injuries if doubt exists about the viability of 
the injured extremity.

Compartment Syndromes

A report on the experiences using HBOT as an 
adjunct for the management of skeletal muscle-
compartment syndromes in 20 patients was 
published by Strauss and Hart in 1989.131 The 
causes of the compartment syndromes were 
not specifi ed. The patients were divided into 
two groups on the basis of whether HBOT 
treatments were initiated before or after fasci-
otomy surgery. Diagnoses were based on clini-
cal fi ndings, but supplemental information 
from an electronic manometer became avail-
able toward the latter part of the study. Com-

partment pressures ranged from 15 to 48 mm 
Hg in those patients for whom measurements 
were made. None of the 10 patients in whom 
HBOT was started before surgical decompres-
sion of their compartments went on to require 
fasciotomies. The authors conclude that initia-
tion of HBOT during the lag phase (i.e., time 
from injury to the development of symptoms 
requiring fasciotomy) halted progression of the 
self-perpetuating ischemia-edema cycle and 
obviated the need for fasciotomy.

In the second group of patients, HBOT was 
started after fasciotomies had been done. The 
decisions for doing fasciotomies in this group 
were largely based on clinical fi ndings at the 
time the patient was in the operating room for 
management of concomitant problems such 
as fractures, blood vessel injuries, and/or acute 
arterial occlusions. HBOT was started for this 
group because of anticipated tissue ischemia-
related problems from preoperative or intra-
operative observations. Objective benefi ts of 
HBOT for this group were diffi cult to quantify. 
Observations consistent with the mechanisms 
of HBOT included speeding of edema reduc-
tion, improved survivability of questionably 
viable tissues, more rapid demarcation of liv-
ing and dead tissues, accelerated angiogenesis, 
and unexpected neurologic recovery (ob-
served in two patients). The “soft” indications 
for starting HBOT were inversely related to the 
patient’s host-function status; that is, the more 
compromised the patient, the more likely the 
authors were consulted for using HBOT as an 
adjunct to the management of the residuals of 
the patient’s skeletal muscle-compartment syn-
dromes. This inferred that when the surgeons 
anticipated poor outcomes in their postfasci-
otomy patients, HBOT was initiated to mitigate 
complications and speed coverage/closure of 
the fasciotomy wound.

Penetrating-Type Vascular Injuries

Radonic and colleagues132 describe their ex-
perience using HBOT as an adjunct for man-
aging 28 patients with combat-related crural 
(lower extremity) vascular injuries during 
the Croatian War. All injuries were of the 
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penetrating type. All patients had injuries 
that required vascular, orthopedic, and plas-
tic surgery management in addition to fasci-
otomies. Thirteen patients who had a com-
bination of extensive bony and soft-tissue 
injuries coupled with an ischemic time of 
greater than 6 hours received HBOT as an 
adjunct to their management. Good prognos-
tic signs associated with HBOT included in-
crease in blood pressure, improved skin 
color, increase in temperature on the injured 
side, and maintenance of temperature. Out-
comes were assessed at discharge from the 
hospital and were described as “very good,” 
“good,” or “fair.” The authors conclude that 
HBOT helped decrease the amputation rate.

Crush Injuries and Fractures

A prospective, randomized, controlled study 
involving fractures associated with crush inju-
ries of the legs was reported by Bouachour and 
colleagues133 in 1996. Thirty-six patients were 
randomized into 2 groups of 18 each with 
usual orthopedic and surgical interventions in 
one arm and similar management plus adjunc-
tive use of HBOT in the second. Patients with a 
history of peripheral vascular disease were ex-
cluded. Three fi ndings confi rmed the benefi ts 
of HBOT. The primary healing of fractures, the 
need for additional surgeries, and the healing of 
fractures in patients older than 40 years were 
all statistically signifi cantly better in the HBOT 
arm. When a validity scale for prospective, ran-
domized clinical trials was applied,134 this study 
had design/methodology fl aws, including fail-
ures to describe the randomization process, 
the severity of injury using a grading system, 
and mention of withdrawals or dropouts. 
Regardless, the data support the authors’ con-
clusions that HBOT improved healing rates and 
reduced the need for repetitive surgeries in 
patients with severe leg fractures.

A second set of fi ndings in Bouachour and 
colleagues’ study133 confi rmed the impor-
tance of adequate oxygenation for healing. 
Transcutaneous oxygen measurements of the 
injured leg and of the contralateral leg were 
obtained to generate an index (i.e., PtcO2 

[injured leg]/PtcO2 [contralateral leg]). In all 
fractures that healed, the indices were 0.9 or 
greater with the differences statistically sig-
nifi cant. All patients who received HBOT had 
ratios greater than 0.9. This suggested that 
adequate tissue oxygenation made a differ-
ence in fracture healing, HBOT improved 
tissue oxygenation, and HBOT was the inter-
vention that helped to achieve the differ-
ences in healing between the HBOT and 
control arms of the study.

Replantations: Japanese Experiences

Kiyoshige135 has reported on replantation ex-
periences of 10 digits in 6 patients who sus-
tained crush, avulsion, and degloving amputa-
tions. Kiyoshige and coauthors136 used a color 
monitoring system to assess postreplantation 
circulation before and after HBOT. Observa-
tions were divided into the following four 
groups: (1) uneventful, (2) congestion to sur-
vival, (3) congestion to necrosis, and (4) necro-
sis. Seven replants survived and three failed. 
The three failed digits demonstrated remark-
able color changes during HBOT exposures. 
No color changes were observed in six of 
the seven surviving digits during the HBOT 
treatments. Kiyoshige concludes that the differ-
ences in color reactions to HBOT may be help-
ful in making early decisions to use salvage-
directed interventions for threatened fl aps.

Fracture-Crush Injuries

For completeness, an abstract by Matos and 
colleagues137 is included in this review because 
it integrates evidentiary evidence pertaining to 
using HBOT for crush injuries and can be used 
to compare outcomes with those typically re-
ported in the orthopedic literature. Twenty-
three patients with Gustilo grade III open 
fracture-crush injuries were managed with 
usual orthopedic interventions plus adjunctive 
HBOT during a 2-year period (1997–1998). 
Subclassifi cations of the crush injuries included 
7 (30.4%) Gustilo Type III-A (enough soft tissue 
to cover bone after debridement is completed), 
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13 (56.5%) Gustilo Type III-B (exposed bone 
after debridement), and 3 (13%) Gustilo Type 
III-C (concomitant vascular injury). Most pa-
tients received orthopedic and surgical treat-
ment within 24 hours of injury and HBOT 
within 72 hours. Twenty patients (91.3%) had a 
successful outcome with preservation of the 
limb. Three patients (13%) required amputa-
tions. Outcomes based on subclassifi cations 
were not provided. For comparison purposes, 
an article published in the orthopedic litera-
ture of similar type fracture-crush injuries 
where HBOT was not used as an adjunct to 
management had an amputation rate of 22.6% 
(14 of 62 patients) and other unsatisfactory 
results in 21% (13 of 62 patients), giving an 
overall complication rate of 43.5%.138

Conclusions

Although the evidentiary evidence support-
ing the use of HBOT for crush injuries is scant, 
the conclusions are consistent; that is, HBOT 
is benefi cial. Its effectiveness has been shown 
in a variety of crush injury types from blunt 
trauma to penetrating injuries, from compart-
ment syndromes to open fractures, and from 
vascular trauma to replantations. The mecha-
nisms of HBOT that are applicable to crush 
injuries and other traumatic ischemias mesh 
well with the understanding of the patho-
physiology of these injuries. Consequently, 
when pairing the clinical experiences and 
laboratory data, justifi cation for using HBOT 
as an adjunct for managing crush injuries is 
strong. However, in no situation should HBOT 
be used as a substitute for indicated surgical, 
orthopedic, and medical interventions.

With predictable complication rates from 
the most serious crush injury types, it is logi-
cal to attempt to improve outcomes with in-
terventions that address the basic mecha-
nisms that initiate the complications. This 
defi nes the role of HBOT for crush injuries. 
When the decision is made to use HBOT, cur-
rent evidence suggests it should be started as 
soon after the injury as possible, preferably in 
the immediate postoperative period. If sur-
gery is delayed, it is desirable to give HBOT 

while awaiting surgery. The side effects and 
complications of HBOT are so infrequent 
and/or minimal that contraindications for us-
ing this intervention as an adjunct in the 
management of crush injuries are almost non-
existent.139

Related Applications of Hyperbaric 
Oxygen for Traumatic Ischemias

The mechanisms of HBOT useful for crush inju-
ries also have applications for related condi-
tions where hypoxia is associated with trauma. 
These include skeletal muscle-compartment 
syndromes, thermal burns, cold injuries, threat-
ened fl aps and grafts, and compromised replan-
tations. Throughout this chapter, the conditions 
have been referred to in various capacities in-
cluding the evidentiary review. The strongest 
supporting information for using HBOT in skel-
etal-muscle compartment syndromes comes 
from methodologically sound laboratory stud-
ies.75,140–144 These studies demonstrate that 
HBOT interrupts the self-perpetuating edema-
ischemia cycle that accounts for the progres-
sion of compartment syndrome symptoms with 
time. Although clinical experiences with using 
HBOT for skeletal muscle-compartment syn-
dromes are consistent with the expectations 
from the laboratory studies, a randomized, con-
trolled trial, as is available for crush injuries, has 
yet to be conducted.131,145–147
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either a growing body of evidence in support 
of using HBOT, or where the application of 
HBOT as a routine is already advocated by 
some practitioners. For some of these indica-
tions, accumulating evidence may continue to 
support the effectiveness of HBOT, whereas 
for others, it appears more likely that any fur-
ther evidence will confi rm that HBOT does 
not improve important clinical outcomes.

To summarize the state of the clinical evi-
dence for many of these indications, this chap-
ter draws on recently published systematic 
reviews (SRs) of the use of HBOT. In particular, 
there has been a fl urry of activity within the 
Cochrane Collaboration with the publication 
of 14 full reviews from 2002 to 2007. This 
chapter therefore begins with a discussion of 
the nature and purpose of an SR, as well as 
some details on how such reviews are gener-
ated. Then the case for and against 10 individ-
ual indications is discussed in detail.

SUMMARIZING THE CLINICAL 
EVIDENCE

Systematic Reviews

The growing acceptance of a formal, evidence-
based approach to medicine has led to the 
development of explicit methodologies for 
summarizing the literature. An SR may be 
defi ned as a literature review that focuses on a 
specifi c question and that tries to identify, 
appraise, select, and synthesize all high-quality 
clinical research evidence relevant to that 
question.1 Although increasing numbers of 
“independent” SRs are appearing in the medi-
cal literature, the Cochrane Collaboration, a 
global not-for-profi t international organization 
involving thousands of academics and clini-
cians, has promulgated a particular methodol-
ogy for SRs. There are currently more than 
100,000 individual reviews on their database 
(www.thecochranelibrary.com). The cardinal 
feature that separates “systematic” reviews 
from the more general literature review is the 
systematic and explicit approach to each of 
the steps included in that defi nition. An SR 
will contain a clear articulation of the question 
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The preceding chapters have detailed the 
physiology, medicine, and clinical evidence 
behind the commonly accepted indications 
for hyperbaric oxygen therapy (HBOT). This 
chapter introduces several indications that 
are not widely accepted, but where there is 
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the review is designed to address, clear inclu-
sion and exclusion criteria, an explicit search 
strategy designed to be sensitive to appropri-
ate literature, and an explicit methodology for 
the critical appraisal and synthesis of included 
information. These reviews should then pres-
ent clear conclusions and recommendations 
consistent with the evidence located and 
appraised.

Although these reviews aim to include the 
evaluation of “all high-quality research evi-
dence,” they do not have to be confi ned to 
studies of a particular methodology. If there are 
no truly high-quality trials, then it is appropri-
ate that a review examine in detail the highest 
quality evidence available. It is likely, however, 
that such reviews will be able to draw only 
weak recommendations for practice.

Meta-analysis

Meta-analysis is the quantitative analysis of the 
results included in an SR. In practice, this im-
plies the combination of the results of several 
individual clinical trials using specialized statis-
tical methodology. Such analyses are essentially 
observational, using trials as the unit of enroll-
ment rather than individual patients. Although 
there is some room for dispute, most authorities 
agree that such analysis is likely to have high 
validity only if the individual trials are random-
ized controlled trials (RCTs). Although meta-
analyses of cohort trials are not uncommon, the 
conclusions to be drawn from such reviews re-
main unclear.2–4 If the included trials are subject 
to bias, then any meta-analysis is similarly sub-
ject to bias. The strength of meta-analysis lies in 
the ability to summarize a large volume of lit-
erature in a single publication and to produce 
clinically relevant conclusions. Meta-analysis 
can generate suffi cient power from a series of 
smaller trials to answer important clinical ques-
tions. In the absence of meta-analysis, the com-
bination of a series of small trials with low indi-
vidual power can lead to confusion about 
appropriate therapeutic decisions.

Prior experience suggests that meta-analysis 
might not only make the evidence clear and 
unequivocal, but also avoid unnecessary and 

wasteful repetition of research performed in 
the belief that the “truth” is not yet evident. 
A good example is that described by Lau and 
colleagues5 concerning trials of the use of 
streptokinase for the prevention of myocardial 
infarction. Lau found 33 such trials executed 
between 1959 and 1988. The authors per-
formed a cumulative meta-analysis, repeating 
analysis with each study chronologically by 
publication date, and found a consistent and 
signifi cant reduction in mortality with the use 
of streptokinase had already been found by 
1973 (odds ratio [OR], 0.74; 95% confi dence 
interval [CI], 0.59–0.92). At that time only eight 
trials involving 2432 subjects were available for 
analysis. The results of the 25 subsequent trials, 
enrolling an additional 34,542 patients, through 
1988 had little or no effect on the OR. All those 
trial subjects had contributed limited informa-
tion concerning the effi cacy of streptokinase.

Reviews in This Chapter

This chapter reviews 10 conditions for which 
there is no general consensus that HBOT is 
indicated as a routine element of manage-
ment. For some conditions, reasonable agree-
ment exists that HBOT is not indicated; for 
others, it is probable that further work will 
defi ne a place for HBOT.

Where possible, we have relied on pub-
lished Cochrane SRs with meta-analysis. For a 
more detailed review of these indications, 
interested readers are referred to those 
reviews. Where no SR has been published, 
we have tried to present the available data in 
a systematic way.

SELECTED POTENTIAL INDICATIONS 
FOR HYPERBARIC OXYGEN 
THERAPY

Summary of the Literature

The Cochrane reviews referred to in these sum-
maries are published in The Cochrane Library 
(Chichester, United Kingdom, John Wiley & 
Sons, Ltd.; www.thecochranelibrary.com). The 
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relevant material is reproduced with permis-
sion. Cochrane reviews are updated regularly as 
new evidence emerges and in response to com-
ments and criticisms. The Cochrane Library 
should be consulted for the most recent ver-
sion of these reviews. Please note that the 
results of a Cochrane review can be interpreted 
differently, depending on people’s perspectives 
and circumstances. The conclusions are the 
opinions of the authors and are not necessarily 
shared by The Cochrane Collaboration.

Acute Coronary Syndrome

Cardiovascular disease remains the leading 
cause of death in developed countries, and it 
is predicted to become the disease with the 
greatest global burden by 2020.6 In the 
United Kingdom, coronary heart disease is 
the most common cause of premature death, 
causing 125,000 deaths from approximately 
274,000 episodes in 2000, at a community 
cost of about £10 billion.7,8 Because myocar-
dial infarction (the presence of two of the 
following three conditions: chest pain, elec-
trocardiographic changes, and increase of 
cardiac enzyme level) is not always diagnos-
able during an acute event, unstable and 
persisting ischemic heart pain (angina) with 
or without infarction are described together 
as acute coronary syndrome (ACS).

The main underlying problem in coronary 
heart disease is atherosclerosis, a degenerative 
process characterized by the formation of 
plaques composed of platelets, cells, matrix 
fi bers, lipids, and tissue debris in the vessel 
lumen. Although such plaques are often com-
plicated by ulceration of the vessel wall with 
obstruction to blood fl ow, such ulceration is not 
necessary for plaques to be problematic.9 An 
unstable plaque (coronary atheroma vulnerable 
to rupture and fi ssure, and associated with 
thrombus formation) can lead to an ACS with-
out the artery being totally occluded and infarc-
tion may follow.10 A signifi cant proportion of 
patients admitted with acute myocardial infarc-
tion will suffer a major morbidity or mortality, 
even when thrombolysis or angioplasty is used 
to relieve the obstruction.11

Therapy

The aim of acute therapy for ACS is to treat 
life-threatening arrhythmias (commonly ven-
tricular fi brillation and bradycardia/asystole) 
and to prevent the development of heart 
failure by minimizing the extent of any 
myocardial infarction. Comprehensive and 
evidence-based guidelines for the early man-
agement of these conditions have been pub-
lished in both Europe and the Unites States.12,13 
Acute measures include the administration of 
oxygen, glyceryl trinitrate, and morphine. The 
overall aim is to relieve pain, dilate the coro-
nary arteries to improve oxygenation of the 
myocardium, and dilate venous capacitance 
vessels to relieve pulmonary congestion.

Additional measures shown to be of benefi t 
include the administration of some combina-
tions of aspirin, thrombolysis, heparin, antiplate-
let agents (e.g., clopidogrel), and percutaneous 
stenting of the coronary vessels. Many of these 
interventions have been shown to be time 
critical; for example, thrombolysis is most effec-
tive within 3 hours of the onset of symptoms. 
Most recently, coronary angioplasty with or 
without stent placement has become the fi rst-
line treatment of myocardial infarction with S-T 
segment elevation when it can be delivered 
within 90 minutes of fi rst contact. Preventative 
interventions should also be started early, 
and these include beta-blockers, statins, and 
angiotensin-converting enzyme inhibitors.

HBOT has been proposed as an adjunctive 
measure to improve outcome after ACS. The 
administration of HBOT is based on the argu-
ments that the myocardium is hypoxic and 
that HBOT can reverse that hypoxia in areas 
that are marginally perfused. This effect is 
achieved by greatly increasing the diffusion 
gradient down which oxygen moves from the 
blood to the myocyte. Improved oxygen avail-
ability may also improve outcome through 
the effects of oxygen as a modulator of tissue 
repair. Oxygen has been shown to increase 
the expression of antioxidant enzymes in 
both tissues and plasma through an increase 
in glutathione levels,14,15 to reduce the de-
gree of lipid peroxidation16 and to prevent 
the activation of neutrophils in response to 
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hemodynamic or metabolic parameters.27,28 
These early clinical reports are summarized in 
Table 21.1.

Since 1973, there have been six RCTs 
reported where HBOT has been administered 
after ACS: Dekleva (2004)31; Sharifi  (2004)31a; 
Stavitsky (1998)31b; Shandling (1997)31c; Swift 
(1992)31d; and Thurston (1973).31e All except 
Dekleva (2004) were appraised in a Cochrane 
SR.32 The following summary incorporates the 
new data into the published review.

Cochrane Review

Search results identifi ed seven reports of six 
clinical trials of HBOT for ACS; Shandling (1997) 
and Stavitsky (1998) are reports from the same 
Hyperbaric Oxygen Therapy for Myocardial 
Infarction (HOTMI) study, but they report dif-
ferent outcomes and were both included. To-
gether, these trials include a total of 499 sub-
jects, 247 subjects receiving HBOT and 252 
control subjects (Table 21.2 provides a sum-
mary of the characteristics of these studies).

All studies involve the administration of 100% 
oxygen at 2 ATA for between 30 and 120 min-
utes; however, the total number of treatment 
sessions varies between studies. The lowest num-
ber administered is a single session (Stavitsky, 
1998; Swift, 1992; Dekleva, 2004), whereas the 
highest is a maximum of 16 treatments within 

endothelial damage, thus modifying ischemia-
reperfusion injury.17

Evidence

First reported in a canine experimental model 
in 1958, hyperbaric oxygen (HBO) was associ-
ated with greatly improved survival in the 
short term (10% vs. 60% at 2 hours),18 and gen-
erally positive fi ndings were confi rmed in a 
series of similar models over the next few 
years.19–21 Some evidence also exists that HBOT 
may be further protective when used in com-
bination with thrombolysis. In 1990, Thomas 
and colleagues22 demonstrated a benefi t in 
infarct size after the administration of both 
recombinant tissue plasminogen activator and 
HBOT at 2 ATA compared with either alone in 
a dog model. Not all trials have been support-
ive, however.23,24 The relevance of all these 
animal models has been questioned because of 
interspecies differences in coronary anatomy, 
the absence of atherosclerotic disease, and the 
generally short delays to the institution of 
therapy.25

HBOT was fi rst reported as a measure to 
treat acute myocardial infarction in a human 
subject in 1964.26 Several uncontrolled human 
studies have been published since that time, 
generally with indications of benefi t measured 
as a reduction in mortality or improvements in 

Table 21.1 Summary of Nonrandom Clinical Reports on the Use of HBOT to Treat ACS

TRIAL METHODOLOGY THERAPY OUTCOMES

Cameron and 
colleagues (1965)27

10 men with AMI within 
24 hours

2 ATA 100% oxygen with 30-minute 
air break; 1 treatment only

Decreased cardiac output, 
increased SVR and SBP

Ashfi eld and 
colleagues (1969)28

40 patients with AMI within 
24 hours and “seriously ill”

2 ATA 2 hours followed by 1 ATA on 
air; repeat for up to 4 days

15% mortality rate, improved pain 
and dyspnea

Veselka and 
colleagues (1999)29

17 patients with history of MI Dobutamine stress echo followed 
by HBOT at 2 ATA for 90 minutes 
and TOE

HBO can detect viable 
myocardium with about the same 
performance as dobutamine

Moon and 
colleagues (1964)26

1 patient in cardiogenic shock 48 hours of HBOT Successful outcome

Hood (1968)30 1 patient with refractory VT 
3 weeks after anterolateral MI

3 ATA 100% oxygen for 15 minutes, 
then 2 ATA for 7 hours; 2 such 
sessions

Improvement in tachyarrhythmias; 
discharged day 25

Excludes Russian literature where no translation available.
AMI, acute myocardial infarction; ATA, atmospheres absolute; HBO, hyperbaric oxygen; HBOT, hyperbaric oxygen therapy; MI, myocardial infarction; SBP, 

systolic blood pressure; SVR, systemic vascular resistance; TOE, transesophageal echocardiogram; VT, ventricular tachycardia.
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48 hours (Thurston, 1973). All trials include 
participants with acute myocardial infarction, 
and Sharifi  (2004) also includes individuals pre-
senting with unstable angina. Only Swift (1992) 
describes allocation concealment and blinded 
subjects to allocation with a sham HBOT session. 
The time from presentation to enrollment var-
ied from within 1 week (Swift, 1992) to within 
24 hours (Thurston, 1973; Dekleva, 2004) and 
within 6 hours (Stavitsky, 1998; Shandling, 1997). 
Sharifi  (2004) does not state any time. The pri-
mary purpose of three of these reports is the 
treatment of acute myocardial infarction with 
HBOT, whereas for Swift (1992) it is the use of 
HBOT in acute myocardial infarction patients to 
identify myocardial segments capable of func-
tional improvement, and for Sharifi  (2004) the 

effect of HBOT on restenosis after percutaneous 
coronary interventions.

Stavitsky (1998), Shandling (1997), and 
Dekleva (2004) exclude subjects who were 
not suitable for thrombolysis (e.g., recent 
stroke) and those in cardiogenic shock, 
whereas Swift (1992) and Dekleva (2004) 
exclude those with uncontrolled heart failure 
and/or signifi cant ongoing angina. Compara-
tor therapies also varied between trials, and 
the details were not always clearly stated. All 
trials used HBOT as an adjunctive procedure 
to “standard” care.

Three trials report the number of subjects 
who died at any time after enrollment (Sharifi  
2004; Stavitsky 1998; Thurston 1973). Fewer 
subjects died after HBOT, but the difference is 

Table 21.2 Characteristics of Studies Included in the Review of HBOT for ACS

STUDY METHODS PARTICIPANTS INTERVENTIONS OUTCOMES

Stavitsky 
(1998)31b

Multicenter RCT; no blinding; 
16 subjects excluded after 
randomization

138 subjects with AMI 
clinical diagnosis and 
who were eligible for 
thrombolysis were 
enrolled in emergency 
department 

Control: thrombolysis, 
aspirin, heparin and IVI 
nitroglycerin.

HBOT: same plus 2 ATA 
oxygen for 2 hours

Death, time to pain 
relief, enzyme 
change, LVEF

Shandling 
(1997)31c

As for Stavitsky, 1998 82 subjects (41 HBOT 
and 41 control)

As for Stavitsky, 1998 Length of stay

Sharifi  (2004)31a RCT; no blinding; 5 patients 
crossed allocation

69 subjects (33 HBOT, 
36 control) with AMI 
or unstable angina; 
excluded if pain or S-T 
segments unresolved 
after 30 minutes 

Control: stenting and 
aspirin, heparin, and 
clopidogrel

HBOT: same, plus 2 ATA 
oxygen for 90 minutes 
at 1 and 18 hours

MACE, adverse events

Swift (1992)31d RCT (2 active for each con-
trol); no loss to follow-up; 
subjects and assessors 
blind

34 subjects (24 HBOT, 10 
control) with clinical 
diagnosis of AMI within 
the past week, plus 
abnormal wall motion 
on TOE 

Control: echo, 2 ATA 
breathing air for 
30 minutes and repeat

HBOT: oxygen at 2 ATA 
between echoes

Improved left ventricu-
lar function on 
echocardiography

Thurston 
(1973)31e

RCT; no blinding after 
allocation to group

221 subjects (110 HBOT, 
111 control) with strong 
clinical probability of 
AMI at admission; 
13 later excluded

Control: “coronary care 
including oxygen by 
mask”

HBOT: 48 hours of 
oxygen at 2 ATA for 
2 hours, followed by 
1 hour on air at 1 ATA

Death, signifi cant 
dysrhythmias, 
adverse effects

Dekleva (2004)31 RCT using random number 
table; outcome assessor 
blind

74 subjects (37 each 
group) with AMI within 
24 hours

Control: streptokinase 
1.5 mU/L

HBOT: plus 60 minutes 
oxygen at 2 ATA

Enzyme changes, LVEF

AMI, acute myocardial infarction; ATA, atmospheres absolute; HBOT, hyperbaric oxygen therapy; IVI, intravenous by infusion; LVEF, left ventricular ejection fraction; 
MACE, major adverse coronary event; RCT, randomized, controlled trial; TOE, transesophageal echo.
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not statistically signifi cant (9.7% vs. 14.1%; the 
relative risk [RR] of dying was 0.64; 95% CI, 
0.38–1.06; P � 0.08), and there was no statisti-
cally signifi cant reduction on subgroup analy-
sis for those presenting in cardiogenic shock 
(cardiogenic shock: RR, 0.57; 95% CI, 0.3–1.09; 
P � 0.09; without cardiogenic shock: RR, 0.65; 
95% CI, 0.35–1.2; P � 0.17) (Fig. 21.1).

The risk for suffering a major adverse coro-
nary event (MACE) was reported by Sharifi  
(2004) at 8 months, with one subject (4.2%) 
suffering a MACE after HBOT versus eight sub-
jects (35.1%) in the control group (RR, 0.12; 
95% CI, 0.01–0.61; P � 0.01). The number 
needed to treat (NNT) to avoid one extra 
MACE was four (95% CI, 3–10).

Thurston (1973) reports the incidence of 
signifi cant dysrhythmia (complete heart block, 
ventricular fi brillation, or asystole). Twenty-fi ve 
such events were reported in the patients re-
ceiving HBOT versus 43 such events in the 
control group, and patients receiving HBOT 
were signifi cantly less likely to suffer one of 
these dysrhythmias (RR, 0.59; 95% CI, 0.39–0.89, 
P � 0.01; NNT � 6; 95% CI, 3–24). Separate 
analyses for each of the three dysrhythmias 
suggested HBOT patients were signifi cantly less 
likely to experience complete heart block 
(RR, 0.32; 95% CI, 0.12–0.84; P � 0.02) but 
not ventricular fi brillation (RR, 0.78; 95% CI, 
0.36–1.71; P � 0.54) or asystole (RR, 0.73; 95% 
CI, 0.73–1.56; P � 0.42).

Review: Hyperbaric oxygen therapy for acute coronary syndrome
Comparison: 01 Death
Outcome: 01 Death at any time

Study HBOT
n/N

Control
n/N

Relative Risk (Fixed)
95% CI

Weight
(%)

Relative Risk (Fixed)
95% CI

01 Subjects presenting in cardiogenic shock

Thurston 1973 4/7 5/5 20.2 0.57 [0.30, 1.09]

Subtotal (95% CI) 57 20.2 0.57 [0.30, 1.09]

Total events: 4 (HBOT), 5 (Control)
Test for heterogeneity: not applicable
Test for overall effect z=1.71 p=0.09

02  Subjects presenting without cardiogenic shock

Sharifi  2004 0/24 3/37 9.6 0.22 [0.01, 4.03]

Hot lvll 1/59 2/83 5.8 0.70 [0.07, 7.58]

Thurston 1973 13/96 19/100 64.4 0.71 [0.37, 1.36]

Subtotal (95% CI) 179 220 79.8 0.65 [0.35, 1.20]

Total events: 14 (HBOT), 24 (Control)
Test for heterogeneity chi-square=0.62 df=2 p=0.73 l2=0.0%
Test for overall effect z=1.37 p=0.2

Total (95% CI) 186 225 100.0 0.64 [0.38, 1.06]

Total events: 18 (HBOT), 29 (Control)
Test for heterogeneity chi-square=0.75 df=3 p=0.86 l2=0.0%
Test for overall effect z=1.75 p=0.08

0.01 0.1 1 10 100
Favors treatment Favors control

Figure 21.1 Forest plot of the risk for death with hyperbaric oxygen therapy (HBOT). Subgroup analysis by 
presence or absence of cardiogenic shock. CI, confi dence interval. (From Bennett MH, Jepson N, Lehm JP: 
Hyperbaric oxygen therapy for acute coronary syndrome. Chichester, United Kingdom, John Wiley 
& Sons, Ltd. Cochrane Database Syst Rev (2):CD004818, 2005. Copyright Cochrane Collaboration, 
reproduced with permission.)
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Stavitsky (1998) reports statistically shorter 
mean time to pain relief in the HBOT group 
(261 vs. 614 minutes; 95% CI, 219–488, 
P � 0.0001), and both Stavitsky (1998) and 
Dekleva (2004) report lower peak creatine 
phosphokinase levels after HBOT, but not sig-
nifi cantly so. Three trials report on improve-
ments in left ventricular function. Swift (1992) 
reports the number of individuals where im-
proved function could be demonstrated on 
echocardiography after HBOT (12 showed 
improved function in at least one segment af-
ter HBOT vs. zero with control;  RR, 0.09; 95% 
CI, 0.01–1.4; P � 0.09), whereas Stavitsky 
(1998) and Dekleva (2004) both report non-
signifi cant improvements in left ventricular 
ejection fraction.

Shandling (1997) reported the length of stay 
in the fi rst 63 subjects of their Hyperbaric Oxy-
gen Therapy for Myocardial Infarction study. The 
mean days of hospital stay for the HBOT group 
was 7.4 versus 9.2 days for the control group. 
This difference was not statistically signifi cant 
(weighted mean difference [MD], 1.8 days; 95% 
CI, 3.7 days to �0.1 days; P � 0.06).

Conclusions

The rationale for the use of HBOT for ACS is 
clear, and both the animal and uncontrolled 
human data suggest there may be a window 
of opportunity after both the primary event 
and revascularization where treatment may 
be benefi cial. Limited evidence has been 
reported that HBOT reduces the incidence 
of both MACE and complete heart block and 
reduces the time to relief from angina when 
administered to patients with ACS. Although 
there is a trend toward favorable outcomes, 
no reliable data from these trials exist to 
confi rm or refute any effect of HBOT on mor-
tality, length of stay, or left ventricular con-
tractility. A possibility of bias exists because 
of different anatomic locations and extent of 
myocardial damage on entry to these small 
trials, as well as from nonblinded manage-
ment decisions in all except Swift (1992). 
Patient inclusion criteria are not standard 
and are reported poorly in some trials. Al-
though all trials use some form of “standard” 
cardiac therapy in a dedicated unit designed 

to maximize outcome, these comparator 
therapies are generally poorly described.

Pooled data for clinical outcomes of inter-
est could be performed only with respect to 
the risk for death and adverse effects. Al-
though the risk for dying is not signifi cantly 
improved after HBOT, there is some trend in 
that direction (RR, 0.64; P � 0.08) and the 
absolute risk difference of 3.2% suggests an 
NNT of around 31 patients to prevent 1 death 
by the addition of HBOT. Only one trial 
(Thurston, 1973) reports the fate of those pre-
senting in cardiogenic shock, and although 
there is no statistically signifi cant difference 
between groups in this small sample, it is 
worth noting that all survivors are from the 
HBOT group (three from seven subjects 
vs. none from fi ve). The one small study that 
reports MACE rather than death alone (Sharifi , 
2004) also suggests better outcome with the 
use of HBOT. This possible treatment effect 
would be of great clinical importance and 
deserves further investigation. Currently, given 
the small numbers and the sensitivity of the 
risk for both death and MACE to the allocation 
of withdrawals, this result should be inter-
preted with extreme caution. The routine ad-
junctive use of HBOT in these patients cannot 
yet be justifi ed by the clinical evidence.

Given the indicative fi ndings of improved 
outcomes with the use of HBOT in these pa-
tients, however, there is a case for large random-
ized trials of high methodologic rigor to defi ne 
the true extent of benefi t (if any) from the ad-
ministration of HBOT. Specifi cally, more informa-
tion is required on the subset of disease severity 
and timing of therapy most likely to result in 
benefi t from this therapy. Given the activity of 
HBOT in modifying ischemia-reperfusion injury, 
attention should be given to combinations of 
HBOT and thrombolysis in the early treatment 
of acute coronary events and the prevention of 
restenosis after stent placement.

Acute Traumatic Brain Injury

Traumatic brain injury (TBI) is a signifi cant 
cause of premature death and disability. Each 
year, there are at least 10 million new head 
injuries worldwide, and these account for a 
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high proportion of deaths in young adults.33,34 
In the United States, there are more than 
50,000 deaths due to TBI each year. The major 
causes are motor vehicle crashes, falls, and vi-
olence (including attempted suicide). Preven-
tion strategies, including restraints for vehicle 
occupants, are now legally enforced in many 
countries. However, although road death rates 
are decreasing in most industrialized coun-
tries, they are increasing in many rapidly 
motorizing countries, particularly in Asia. For 
example, road death rates in China are already 
similar to those in the United States.35 Head 
injuries are associated with long-term disabil-
ity in many patients. In the United States, for 
example, 2% of the population (5.3 million 
citizens) is living with disability as a result of 
TBI,33 and this places considerable medical, 
social, and fi nancial burden on both families 
and health systems.36

Brain injury has a primary and secondary 
component. At the time of impact, there is a 
variable degree of irreversible damage to the 
neurologic tissue (primary injury). After this, 
a chain of events occurs in which there is 
ongoing injury to the brain through edema, 
hypoxia, and ischemia secondary to raised tis-
sue or intracranial pressure (ICP), release of 
excitotoxic levels of excitatory neurotrans-
mitters (e.g., glutamate), and impaired calcium 
homeostasis (secondary injury).37,38

Therapy

Therapy for TBI focuses on prevention or 
minimization, or both, of secondary injury by 
ensuring adequate oxygenation, hemodynam-
ics, control of intracranial hypertension, and 
strategies to reduce cellular injury. A number 
of therapies, including barbiturates, calcium 
channel antagonists, steroids, hyperventila-
tion, mannitol, hypothermia, and anticonvul-
sants, have been investigated, though none 
has shown unequivocal effi cacy in reducing 
poor outcome.39–43

HBOT is a further adjunctive therapy that 
has been proposed to improve outcome in 
acute brain injury. Since the 1960s, there have 
been reports that HBOT improves the outcome 
after brain trauma.44 Administration of HBOT is 
based on the observation that hypoxia after 

closed head trauma is an integral part of the 
secondary injury described earlier. Hypoxic 
neurons that perform anaerobic metabolism 
result in acidosis and an unsustainable reduc-
tion in cellular metabolic reserve.45 As the 
hypoxic situation persists, neurons lose their 
ability to maintain ionic homeostasis, and free 
oxygen radicals accumulate and degrade cell 
membranes.46,47 Eventually, irreversible changes 
result in unavoidable cell death. When isch-
emia is severe enough, these changes occur 
rapidly, but some evidence exists that these 
effects can occur over a period of days.48 This 
gives some basis to the assertion that a therapy 
designed to increase oxygen availability in the 
early period after TBI may improve long-term 
outcome. HBOT may also reduce tissue edema 
by an osmotic effect,49 and any agent that has 
a positive effect on brain swelling after trauma 
may also contribute to improved outcomes. On 
the other hand, oxygen in high doses is poten-
tially toxic to normally perfused tissue, and the 
brain is particularly at risk.50 For this reason, it 
is appropriate to postulate that, in some TBI 
patients, HBOT may do more harm through the 
action of increased free oxygen radical damage 
than good through the restoration of aerobic 
metabolism.

Evidence

Several animal models of head injury support 
the hypothesis that HBOT across a range of 
pressures may be benefi cial through restoring 
oxygenation to damaged tissue or infl amma-
tory modulation of ischemia-reperfusion in-
jury. In a rat model of lateral fl uid percussion 
injury, Daugherty and colleagues51 adminis-
tered HBOT at 1.5 ATA for 1 hour beginning 1 
hour after injury and demonstrated improve-
ments in brain PO2 and mitochondrial redox 
potential suggesting there was more rapid re-
covery of aerobic metabolism in that group 
compared with animals exposed to 30% 
oxygen or 100% oxygen at 1 ATA. In a cold 
injury-induced lesion model in rabbits, Niklas 
and coauthors52 confi rm similar increases in 
PO2, together with reductions in both the area 
of necrotic brain on microscopy and mortality 
(0% vs. 20%), after three sessions of HBOT 
at 2.5 ATA for 90 minutes beginning 1 hour 
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injury. Furthermore, repeated exposure to 
HBOT may be required to attain consistent 
changes.60 Clinical reports have attributed a 
wide range of improvements to HBOT includ-
ing cognitive and motor skills, improved atten-
tion span, and increased verbalization.56,58 
These improvements are, however, diffi cult to 
ascribe to any single treatment modality be-
cause HBOT was most often applied in con-
junction with intensive supportive and reha-
bilitative therapies.

For all these reasons, it is conceivable that 
the addition of HBOT might improve sur-
vival from serious brain injury without im-
proving the proportion of those who survive 
with a useful functional level, whereas at the 
same time increasing overall costs of ther-
apy. A Cochrane review has examined the 
randomized clinical evidence for any net 
benefi t or harm.61

Cochrane Review

A Cochrane review identifi es four randomized 
trials in which patients received HBOT for 
acute TBI: Ren (2001),61a Rockswold (1992), 61b

Artru (1976),61c and Holbach (1974).61d These 
trials include data on 382 participants: 199 in 
the HBOT group, and 183 in the control group. 
The largest trial (Rockswold, 1992) accounts 
for 44% of cases. Individual study characteris-
tics are given in Table 21.3.

All four trials enrolled participants with 
closed head injury, but inclusion criteria varied. 
Rockswold (1992) accepted those with a 
Glasgow Coma Score of less than 10 for be-
tween 6 and 24 hours; Ren (2001) accepted 
subjects with a Glasgow Coma Score of less 
than 9 for up to 3 days after trauma. The other 
two older trials do not specify inclusion crite-
ria, other than “closed head injury and coma-
tose.” Treatment pressures (1.5–2.5 ATA, or 
152–253.3 kPa), time schedule (60–90 min-
utes), and number of sessions (10–40 sessions) 
of HBOT differ among studies. Similarly, some 
variation exists in comparator therapies and 
the time to fi nal assessment. No study describes 
the method of randomization, clearly conceals 
allocation from the individual responsible for 
randomization, or uses a sham therapy.

after injury. Palzur and investigators53 draw 
similar conclusions after exposure of rats to a 
brain contusion model and HBOT at 2.8 ATA. 
In an elegant experiment using a model simi-
lar to that of Daugherty and colleagues, 
Rogatsky and researchers54 demonstrate a 
protective effect of HBOT at 1.5 ATA on the 
post-traumatic increase in ICP, both in rate 
and greatest values reached, and a reduction 
in mortality.

Most recently, Vlodavsky and colleagues55 
have implicated infl ammatory modulation as a 
potentially important mechanism for benefi t 
through the demonstration of reduced neu-
trophil infi ltration into injured brain after ex-
posure to HBOT at 2.8 ATA, together with a 
reduction in the expression of a family of en-
zymes associated with deleterious outcomes 
in TBI—the matrix metalloproteinases. The 
direct implication is that, at least at this high 
dose, HBOT decreases secondary injury and 
cell death and reduces reactive neuroinfl am-
mation after TBI.

The relevance of many of these encourag-
ing fi ndings for human brain injury is not yet 
clear. None of these animal models was 
intended to reproduce the time delays and 
potential adverse events after clinical trauma. 
The longest delay between insult and starting 
HBOT in these models is 3 hours, for exam-
ple.55 Unfortunately, despite these supportive 
fi ndings and 40 years of interest in the deliv-
ery of HBOT in these patients, little clinical 
evidence of effectiveness exists.

HBOT has been shown to reduce both ICP 
and cerebrospinal fl uid pressure in patients 
with brain injuries,56,57 improve gray matter 
metabolic activity on single-photon emission 
computed tomography scan,58 and improve 
glucose metabolism.59 Some studies suggest 
that any effect of HBOT may not be uniform 
across all patients with brain injuries. For 
example, Hayakawa and coauthors57 demon-
strate that cerebrospinal fl uid pressure 
rebounded to greater levels after HBOT than 
at pretreatment estimation in some patients, 
whereas others showed persistent reductions. 
It is possible that HBOT has a positive effect 
in a subgroup of patients with moderate in-
jury, but not in those with extensive cerebral 
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The primary combined outcome for the re-
view is the attainment of a good functional 
outcome. This is defi ned in these studies as any 
one of the following: Glasgow Outcome Score 
less than 3, “return of consciousness,” “com-
plete recovery,” or classifi ed as “independent.” 
At early outcome (0–4 weeks), 36% of patients 
had a good outcome in the HBOT group versus 
14% in the control group. Pooled analysis sug-
gests, however, that there is no signifi cant dif-
ference between groups (RR with HBOT: 2.66; 
95% CI, 0.73–9.69; P � 0.06). When combining 
all trials at fi nal outcome, 109 subjects (51%) in 
the HBOT group had a good outcome versus 
61 (34%) in the control group; however, this 
difference was not statistically signifi cant (RR, 
1.94; 95% CI, 0.92–4.08; P � 0.08). This result is 
likely to be subject to important heterogeneity 
between trials (I2 � 81%) and should be inter-
preted with caution (Fig. 21.2). This may well 
refl ect differences in actual pathology of those 
included in different trials or the evolution of 
general therapy between the 1970s and 1990s.

Three of these trials report mortality at 
some time (Holbach at 12 days, Artru, and 
Rockswold at 12 months) involving 327 par-
ticipants. There was signifi cantly increased 
mortality with control therapy (RR, 1.46; 95% 
CI, 1.13–1.87; P � 0.003). Heterogeneity be-
tween studies was low (I2 � 0%). The NNT to 
avoid 1 death by applying HBOT was 7 (95% 
CI, 4–22) (Fig. 21.3).

Only Rockswold reports the effects of 
therapy on ICP. The effect of HBOT was com-
plicated by a change in the experimental 
protocol during the period of recruitment. 
Although overall there was no difference in 
the mean maximum ICP between the two 
groups (MD, 3.1 mm Hg lower with HBOT; 
95% CI, �9.6 to �3.4 mm Hg), the authors 
noted greater than expected ICP in the early 
HBOT participants. Because this was likely to 
represent pain from middle-ear barotrauma, 
the last 46 subjects recruited to HBOT had 
precompression myringotomy tubes inserted 
to allow free equalization of middle-ear 

Table 21.3 Characteristics of the Studies Included in the Cochrane Review of TBI

STUDY METHODS SUBJECTS INTERVENTIONS OUTCOMES

Artru (1976)61c No blinding; 
60 patients; inclusion 
depended on avail-
ability of hyperbaric 
chamber

Closed head injury and 
coma; stratifi ed in 
9 subgroups of severity 
and pathology

HBOT (n � 31): 2.5 ATA for 
1 hour daily for 10 days, 
followed by 4 days rest and 
repeat if not responding

Control (n � 29): standard 
care included hyperventila-
tion and frusemide

Death, unfavorable 
outcome, adverse 
events

Holbach (1974)61d Quasi-randomized, 
unblinded; 
99 patients

Closed head injury and 
coma with “acute 
midbrain syndrome”

HBOT (n � 31): 1.5 ATA 
daily, regimen unknown

Control (n � 29): “usual in-
tensive care regimen”

Complete recovery, 
mortality

Ren (2001)61a No blinding reported; 
55 patients

Closed head injury, GCS 
score � 9; randomized 
on day 3 after stabilized 

HBOT (n � 31): 2.5 ATA for 
a total of 400–600 minutes 
every 4 days, repeated 3 or 
4 times

Control (n � 20): dehydra-
tion, steroids, and antibiotics

Favorable GOS, 
change in GCS

Rockswold 
(1992)61b

Observers blinded, but 
not patients or 
caregivers

Closed head injury with 
GCS � 10 for �6 hours 
and �24 hours

HBOT: 1.5 ATA for 1 hour 
every 8 hours for 2 weeks 
or until death or waking 
(average number of 
treatments is 21)

Control: “intensive neurosur-
gical care”

Favorable outcome 
(GOS, 1 or 2), mor-
tality, intracranial 
pressure, adverse 
events

ATA, atmospheres absolute; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale; HBOT, hyperbaric oxygen therapy.
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pressures. Comparing the standard care 
group with the HBOT subjects with and 
without myringotomy, researchers found a 
signifi cant decline in ICP with HBOT plus 
myringotomy, but no difference without myr-
ingotomy (MD with myringotomy: �8.2 mm 
Hg; 95% CI, �14.7 to �1.7 mm Hg; P � 0.01; 
MD without myringotomy: �2.7 mm Hg; 95% 
CI, �5.9 to �11.3 mm Hg; P � 0.54).

With regard to adverse events, Rockswold 
reports generalized seizures in two partici-
pants in the HBOT group versus none in the 
control group (RR, 0.2; P � 0.3) and a further 
two with hemotympanum from middle-ear 
barotrauma (RR, 0.2; P � 0.03). Two trials 
report participants with signifi cant pulmonary 
effects. Rockswold reports 10 individuals with 
increasing oxygen requirements and infi ltrates 

Review: Hyperbaric oxygen therapy for the adjunctive treatment of traumatic brain injury
Comparison: 01 Good functional outcome (GOS <3 or similar)
Outcome: 06 Good functional outcome at fi nal follow-up

Study HBOT
n/N

Control
n/N

Relative Risk (Random)
95% CI

Weight
(%)

Relative Risk (Random)
95% Cl

Artru 1976 13/31 8/29 25.0 1.52 [0.74, 3.13]

Holbach 1974 16/49 3/50 18.1 5.44 [1.69, 17.51]

Ren 2001a 29/35 6/20 25.6 2.76 [1.39, 5.49]

Rockswold 1992 44/84 44/82 31.3 0.98 [0.73, 1.30]

Total (95% CI) 199 181 100.0 1.94 [0.92, 4.08]

Total events: 102 HBOT, 61 (Control)
Test for heterogeneity chi-square=15.94 df=3 p=0.001 l2=81.2%
Test for overall effect z=1.75 p=0.08

0.1  0.2 0.5 2 5 10
Favors Control Favors HBOT

Figure 21.2 Forest plot for good functional outcome at fi nal assessment. Considerable heterogeneity 
(I2 � 81%) exists, and this result should be interpreted with great caution. CI, confi dence interval; GOS, Glasgow 
Outcome Scale; HBOT, hyperbaric oxygen therapy. (From Bennett MH, Trytko BE, Jonker B: Hyperbaric 
oxygen therapy for the adjunctive treatment of traumatic brain injury [Cochrane review]. Cochrane 
Database Syst Rev (4):CD004609, 2004. Copyright Cochrane Collaboration, reproduced with per-
mission.)

Review: Hyperbaric oxygen therapy for the adjunctive treatment of traumatic brain injury
Comparison: 02 Death at fi nal follow-up
Outcome: 01 Death at fi nal follow-up

Study Control
n/N

HBOT
n/N

Relative Risk (Fixed)
95% CI

Weight
(%)

Relative Risk (Fixed)
95% CI

Artru 1976 16/29 15/31 26.6 1.14 [0.70, 1.86]

Holbach 1974 37/50 26/49 48.1 1.39 [1.02, 1.90]

Rockswold 1992 26/82 14/84 25.3 1.90 [1.07. 3.38]

Total (95% CI) 161 164 100.0 1.46 [1.13, 1.87]

Total events: 79 (Control), 55 (HBOT)
Test for heterogeneity chi-square=1.86 df=2 p=0.39 12=0.0%
Test for overall effect z=2.95 p=0.003

0.1  0.2 0.5 2 1 5 10
Favors Control Favors HBOT

Figure 21.3 Forest plot for death at the fi nal follow-up of each study. (From Bennett MH, Trytko BE, Jonker B: 
Hyperbaric oxygen therapy for the adjunctive treatment of traumatic brain injury [Cochrane 
review]. Cochrane Database Syst Rev (4):CD004609, 2004. Copyright Cochrane Collaboration, 
reproduced with permission.)
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well as from nonblinded management deci-
sions in all trials. The effect of age, oxygen 
dose, nature of comparative therapies, and 
severity of injury on the effectiveness of HBOT 
cannot be estimated given the data available.

In summary, limited evidence exists that 
HBOT reduces mortality in patients with acute 
TBI, but no clear evidence of improved func-
tional outcome. The small number of studies, 
the modest numbers of patients, and the meth-
odologic and reporting inadequacies of the 
primary studies included in this review de-
mand a cautious interpretation. The routine 
use of HBOT for these patients is not yet justi-
fi ed on the basis of this clinical evidence.

The precise mechanisms whereby HBOT 
may exert a benefi cial effect are still a matter 
of speculation. It is appropriate that laboratory 
investigations continue to elucidate the most 
promising timing and dose of HBOT after 
trauma. There is a case for large, randomized 
trials of high methodologic rigor to defi ne the 
true extent of benefi t (if any) from the admin-
istration of HBOT.

Neonatal Hypoxic Encephalopathy

Neonatal encephalopathy is a clinical syndrome 
of abnormal neurologic function detected 
within the fi rst few days of life in the term or 
near-term neonate. Where an episode of peri-
partum hypoxia can be identifi ed, neonatal 
encephalopathy is called neonatal hypoxic 
encephalopathy (NHE). It is important to make 
this differentiation because many cases of neo-
natal encephalopathy are not related to hy-
poxia.63,64 NHE is characterized by abnormali-
ties in cortical function (lethargy, coma, and/or 
seizures), brainstem function (cranial nerve 
abnormalities), tone (hypotonia), and/or re-
fl exes (absent or hyporefl exic).65 The relation 
among NHE, cerebral palsy (CP), and develop-
ment delay is not always clear in the literature, 
perhaps because pathophysiology and diagno-
sis is not always clearly identifi able at the time 
of injury. Our understanding of the relation of 
NHE to CP is summarized in Figure 21.4, and 
this is the scheme used throughout this chap-
ter. Whatever the exact mechanism, neonates 

on chest radiograph, whereas Artru and col-
leagues60 report 5 patients with respiratory 
symptoms including cyanosis and hyperpnea 
so severe as to imply “impending hyperoxic 
pneumonia.” Overall, therefore, 15 patients 
(13% of those receiving HBOT) had severe 
pulmonary complications, whereas no such 
complications were reported in the standard 
therapy arm. This difference is statistically 
signifi cant (RR, 0.06; 95% CI, 0.01–0.47; 
P � 0.007). There was no indication of hetero-
geneity between trials (I2 � 0%), and this analy-
sis suggests we might expect to treat eight 
patients with HBOT to cause this adverse 
effect in one individual (number needed to 
harm, 8; 95% CI, 5–15).

Conclusions

Good biologic plausibility exists for the applica-
tion of HBOT for TBI, and this position is gener-
ally supported by a number of small animal 
studies and some isolated case reports. However, 
although some evidence from RCTs that HBOT 
reduces mortality after closed head injury has 
been reported, there is less confi dence that the 
addition of HBOT to standard therapy increases 
the chance of recovery to independence.

The single randomized trial that examines 
ICP as a proxy for benefi cial effects did suggest 
that ICP was lower immediately after HBOT 
when patients had received middle-ear ventila-
tion tubes. These tubes avoid middle-ear baro-
trauma on compression—a highly painful and 
stimulating condition that might be expected to 
increase ICP, regardless of the underlying brain 
injury. Any clinical benefi t may come at the cost 
of signifi cant pulmonary complications. These 
complications are rare in general hyperbaric 
practice62 and may be related specifi cally to the 
head injuries suffered by these patients.

Although some experimental and anecdotal 
evidence suggests benefi t, in an SR of the ran-
domized evidence, only 382 participants were 
available for evaluation. The methodology was 
poor in some of these trials, and there was 
variability and poor reporting of entry criteria 
and the nature and timing of outcomes. In par-
ticular, a possibility of bias exists because of 
different times to entry in these small trials, as 
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identifi ed as having NHE may in the long 
term experience developmental delay, CP, epi-
lepsy, or any combination of these three. The 
standard treatment for NHE includes rapid re-
suscitation and cardiorespiratory support; how-
ever, many supplemental therapies have been 
proposed. HBOT is one such adjunctive ther-
apy and has been adopted widely in China.

The prevalence of fetal and newborn as-
phyxia at delivery is approximately 25 per 
1000 live births.66 Most of these infants do not 
suffer any permanent injury, and the inci-
dence of NHE is signifi cantly lower, between 
0.5 and 1 per 1000 births. Although not com-
mon, the permanent cerebral damage that 
results from NHE is a signifi cant health bur-
den with high medical and social costs.67

The cause of NHE is variable, but any event 
suggestive of fetal ischemia and occurring in 
the peripartum period may result in NHE. 
Recognized precipitating events include birth 
catastrophes such as cord prolapse, uterine 

rupture, placental abruption, maternal car-
diac arrest, and fetal exsanguination. In some 
cases, the cause remains undefi ned.65 Perina-
tal observations such as fetal heart rate abnor-
malities and low Apgar scores (0–3 beyond 
5 minutes) suggest an event that may result in 
NHE. Fetal cerebral hypoxia that is severe 
enough to lead to NHE is almost always 
associated with other hypoxic organ injuries 
that manifest in the days after delivery. The 
diagnosis of NHE is made on clinical fi ndings 
and perinatal events, often supported by evi-
dence of fetal hypoxia at birth, most com-
monly low scalp pH readings or a metabolic 
acidosis as measured by fetal umbilical blood 
gas measurement.65,68

Therapy

Prevention of NHE is of primary importance 
and focuses on rapid treatment of those condi-
tions that may result in neonatal asphyxia. 

Abnormal brain development, e.g.:
Fetal infection
Maternal infection
Hypotension
Hyperbilirubinemia

Significant birth trauma, e.g.:
Uterine rupture
Placental abruption
Cord prolapse
Meconium aspiration

Neonatal brain dysfunction

Later presentation, e.g.:
Spasticity
Developmental delay
Seizures

Presentation at birth, e.g.:
Apnea Seizures
Poor tone Coma
CNS lesions Areflexia

Cerebral palsy
Neonatal hypoxic 
encephalopathy

Recovery

Death

Figure 21.4 A simple scheme for 
defi ning the clinical relation between 
neonatal hypoxic encephalopathy and 
cerebral palsy. 
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Such therapies are aimed at maintaining opti-
mal maternal hemodynamics and oxygenation 
to maximize delivery of oxygen to the fetus. 
Once identifi ed, the treatment of NHE is rapid 
delivery where possible, followed by prompt 
resuscitation of the newborn. Although no in-
terventions have been identifi ed that clearly 
improve outcome with respect to death or dis-
ability,67 a number of therapies have been 
proposed, including corticosteroids and mag-
nesium.69,70 In 2005, two clinical trials of thera-
peutic hypothermia were published, both of 
which suggest there may be some benefi t in 
this modality of treatment.71,72 More work is 
required to establish the place of hypothermia 
for routine treatment of these cases.

HBOT has also been advocated for the 
treatment of NHE. The technique was fi rst 
described in a clinical study by Hutchison 
and coauthors73 published in 1966. This non-
blinded, randomized trial examined the mor-
tality rate in 218 neonates with apnea or inef-
fective breathing at birth. The control group 
(111 neonates) received standard care with 
tracheal intubation and positive pressure ven-
tilation, whereas the trial group received 
HBOT (up to a maximum of 4 ATA) for 
30 minutes and no other attempt at cardio-
pulmonary resuscitation (107 neonates). No 
signifi cant difference in mortality exists be-
tween the groups (13.5% control vs. 17.8% 
HBOT), suggesting that HBOT may be of simi-
lar benefi t to intubation and ventilation for 
treating neonatal asphyxia. Although diffi cult 
to advocate, it would be interesting to know 
what the mortality rate with no active inter-
vention might be compared with both these 
options.

The physiologic rationale for the use of 
HBOT in NHE is yet to be fully elucidated. 
Several possibilities have been postulated 
and include improved oxygenation to areas 
of marginal ischemia, down-regulation of 
cyclo-oxygenase-2, reduced striatal dopamine 
release, re-establishment of striatal metabo-
lism, reductions in postischemic increases in 
vascular permeability, and reduction in sec-
ondary brain injury mediated by polymorpho-
nuclear neutrophils.74

Evidence

Some evidence suggests that HBOT may be of 
benefi t after ischemic brain injury in the adult 
animal. In several animal models, HBOT has 
been shown to reduce brain injury that 
occurs as a result of both focal and global 
ischemic insults.75–82

Since the initial trial report,73 there has been 
little further data published in the Western 
literature, and certainly no further controlled 
clinical trials. Although the treatment of NHE 
with HBOT is not commonly reported in the 
West, a substantial number of reports has 
been published in the Chinese literature. 
These reports vary signifi cantly in methodol-
ogy, selection criteria, treatment protocols, 
and outcome measures. The results of these 
Chinese trials have been reviewed by Liu and 
colleagues.83 In this article, the authors inves-
tigate the clinical effects of HBOT for NHE 
in an SR of the Chinese literature. In total, 
126 citations were identifi ed concerning 
HBOT for brain injury; however, only 20 trials 
met the selection criteria of “randomised or 
quasi-randomised controlled trials of treat-
ment with HBO compared with ‘usual care’ in 
full term infants (more than 36 weeks gesta-
tion) with hypoxic ischemic encephalopathy 
and a history of perinatal asphyxia.”83 All of 
these trials were conducted in China.

Liu and colleagues83 report that neonates 
treated with HBOT appeared to have more 
favorable outcomes when compared with 
the control groups in almost all of the trials. 
The combined odds of dying after HBOT 
compared with control were 0.26 (95% CI, 
0.14–0.46) and for having neurologic se-
quelae were 0.41 (95% CI, 0.27–0.61). The 
conclusion of the review is that treatment 
with HBOT “possibly reduces mortality and 
neurological sequelae in term neonates with 
hypoxia-ischemic encephalopathy.”83 Unfor-
tunately, the generally poor methodologic 
quality and reporting of these trials drew the 
authors to conclude they could not together 
constitute reliable proof of effect. They rec-
ommend a large RCT is required to generate 
reliable evidence.
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Conclusions

NHE is a severe complication of birth as-
phyxia. The mainstays of management include 
preventative measures, rapid resuscitation, 
and more recently, hypothermia. HBOT has 
been described for the treatment of NHE, but 
most of the recent reports are from Chinese 
studies of variable investigational rigor. There 
appears to be some indication that HBOT may 
be a useful treatment for NHE; however, there 
is further requirement for well-conducted 
RCTs before defi nitive recommendations can 
be made.

Cerebral Palsy

CP is not a specifi c diagnosis, but rather an 
“umbrella term” describing the clinical presen-
tation of nonprogressive motor defi cits in chil-
dren during the fi rst year of life and that can 
arise from a broad spectrum of causative fac-
tors.84 Intellectual abnormalities may be pres-
ent, but there are always physical abnormali-
ties present for the term CP to be appropriate.85 
Children with CP present with developmental 
delay and static (i.e., nonprogressive) motor 
defi cits (see Fig. 21.4).84 The motor defi cits are 
variable and can include weakness, incoordi-
nation, spasticity, clonus, rigidity, and muscle 
spasms. Spasticity can be quite debilitating 
and, if left untreated, can lead to muscle fi bro-
sis, musculoskeletal deformities, and contrac-
tures. In addition, abnormal movements may 
be noted in some patients, including athetosis, 
chorea, and dystonia. Other clinical features 
that can be associated with CP include epi-
lepsy, bowel and bladder dysfunction, hearing 
loss, visual impairment, and poor nutritional 
status caused by pseudobulbar palsy. Overall, 
approximately 36% of patients with CP experi-
ence development of epilepsy, with onset dur-
ing the fi rst year of life in more than two thirds 
of the cohort.86

CP is the most common severe physical 
disability of childhood with a prevalence of 
2 to 3 per 1000 school-aged children, and it 
is most commonly seen in premature and 
low-birth-weight neonates.87,88 Prevalence 
and incidence have been increasing in the 

recent past, possibly because of both better 
reporting and improvements in the survival 
of low-birth-weight neonates.87,89 Approxi-
mately 85% of neonates born weighing less 
than 1500 grams now survive, and up to 15% 
of these survivors are likely to exhibit signifi -
cant spastic motor defi cits.85,90 The estimated 
annual total cost of care for these patients in 
2002 was $8.2 billion.88

In about 50% of cases, no defi nite cause for 
CP can be identifi ed, whereas the remainder 
may be caused by a wide variety of factors 
including hypoxia-ischemia, stroke, trauma, 
infections, and chromosomal and genetic 
syndromes.91–94 The neuropathology is also 
variable but usually includes one or more of 
the following conditions: periventricular leu-
komalacia, germinal matrix hemorrhage (often 
associated with periventricular leukomalacia), 
cerebral artery distribution infarcts, and gray 
matter ischemic lesions of the thalamus and 
basal ganglia.95 Immature oligodendrocytes of 
the developing white matter appear to be sus-
ceptible to injury from free radicals, excito-
toxic overstimulation, and proinfl ammatory 
cytokines,95 any or all of which may be associ-
ated with hypoxic-ischemic events.96–98 Imma-
ture cells are susceptible to free radical dam-
age because they have lower concentrations 
of the antioxidant superoxide dismutase,96 
whereas excitotoxic injury can occur more 
easily because developing oligodendrocytes 
overexpress AMPA-kainate receptors, which 
are stimulated by kainate released during 
hypoxic-ischemic events.97 Proinfl ammatory 
cytokines, including interferon-�, tumor necro-
sis factor-�, and interleukin-2 and -6, are gener-
ated during hypoxia and ischemia, and have 
been demonstrated in regions of periventricu-
lar leukomalacia.95 Both interferon-� and tu-
mor necrosis factor-� have toxic effects on 
developing oligodendrocytes.99

The clinical diagnosis of CP requires an ex-
tensive workup, including neuroimaging with 
magnetic resonance imaging (MRI).96 MRI is 
sensitive to damage in the fetal and infant brain 
that could result in CP (e.g., periventricular 
leukomalacia). In neonates, there is typically a 
short period between a clinical hypoxic insult 
and the development of clinical manifestations. 
This suggests there may be a short window of 
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therapeutic opportunity available to ameliorate 
or even reverse the cerebral damage.85,100 Early 
diagnosis is therefore highly desirable.

Unfortunately, diagnosis may be diffi cult in 
the neonate. Clinical suspicion will be raised 
by the identifi cation of specifi c events during 
gestation and delivery, but such events are 
often unrecognized, and diagnosis then relies 
on clinical examination, neurophysiologic 
monitoring, and neurologic imaging. Seizures 
are nonspecifi c and may manifest only through 
autonomic changes, apneas, and heart rate 
changes rather than overt movements. They 
may be missed.101

Surprisingly, little has been written con-
cerning how HBOT might produce benefi t. 
Most justifi cation for therapy has been based 
on clinical results of both controlled and 
uncontrolled studies, rather than the develop-
ment of a clear scientifi c rationale. Neubauer102 
has reported changes on single-photon emis-
sion computed tomography images before 
and after therapy that demonstrate improved 
blood fl ow. These fi ndings imply improved 
function and, therefore, clinical status, and 
Neubauer associates these changes in particu-
lar with improvements noted by parents. The 
“idling neuron” hypothesis has been suggested 
to explain clinical fi ndings, with the assump-
tion that HBOT can improve blood fl ow to 
inactive but viable neurons.103

Some of the authors of an RCT published in 
2001103a have suggested that pressure might 
have a therapeutic benefi t unrelated to hyper-
oxia.104 Little evidence is available to support 
this suggestion. Marois and Vanasse cite a rat 
model of acute cerebrovascular injury and a 
case series of 11 patients treated for “chronic 
toxic encephalopathy” with 10 exposures to 
24% oxygen at 1.3 ATA.105 At this time, neither 
the presence of an ischemic penumbra in CP 
nor benefi t from the administration of low-
pressure air have been widely accepted.

Therapy

Therapy for CP may be directed to prevent or 
ameliorate the injury in the acute phase, or to 
improve function in a established case. In 
neonates, there is typically a latent period of 
6 to 48 hours between a hypoxic insult and 

development of clinical manifestations, sug-
gesting there may be a short window of 
therapeutic opportunity available to amelio-
rate or even reverse the cerebral damage.85,100 
Although HBOT has been advocated in both 
situations, clinical reports have almost exclu-
sively involved HBOT for children between 
the ages of 3 and 12 years.

Conventional treatment options include 
physical and occupational therapy; drug ther-
apy for spasticity; orthopedic procedures 
(e.g., orthotic devices, tendon lengthening); 
and neurosurgical intervention in selected 
cases (e.g., dorsal rhizotomy, peripheral neu-
rotomy).84,106,107 Spasticity should be treated 
(i.e., tone reduction) when there is unequivo-
cal evidence for interference with function, 
positioning, care, or comfort level. Drug therapy 
includes baclofen (most commonly used), 
diazepam, dantrolene, and tizanidine. Children 
that are intolerant of or refractory to oral 
medications can be considered for intrathecal 
baclofen therapy.

Steroids have been a traditional therapeutic 
approach to prevention. Experimental evi-
dence suggests these agents must be adminis-
tered at least 24 hours before any hypoxic 
insult to improve neurologic outcome.

HBOT has been advocated for the improve-
ment of both functional and cognitive ability. 
The use of HBOT acutely at the time of deliv-
ery is discussed elsewhere in this chapter (see 
Neonatal Hypoxic Encephalopathy section 
earlier in this chapter). HBOT is most often 
advocated at “mild” doses, typically between 
1.3 and 1.75 ATA, on the basis that higher 
doses are more likely to produce toxic effects 
in the brain.102,104,108 Children are usually com-
pressed once or twice daily for 60 minutes, 
with a course of therapy ranging from 20 to 
70 sessions over weeks to months.

Evidence

The fi rst substantial account of the use of 
HBOT for CP was given at the 1989 Undersea 
and Hyperbaric Medical Society Annual Scien-
tifi c Meeting, when Machado109 reported his 
experience over 10 years treating 230 children 
in Sao Paulo. Using a regimen of 20 sessions 
at 1.5 ATA daily or twice daily, Machado 
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reported a “clear reduction” in spasticity in 218 
(94.8%) of his cohorts that persisted in about 
75% of those who could be followed for 
6 months. He also reported an improvement in 
general health and attention in most of the 
group.

Subsequent reports including three RCTs 
bring the total numbers to approximately 
710 children,102,103a,108,111–114 yet controversy 
continues unabated about the role of hyper-
baric therapy, with each subsequent publica-
tion followed by a fl urry of correspondence 
(Table 21.4).

In general, these reports suggest clinically 
important improvements in the gross motor 
function measure. This comprehensive mea-
sure, designed and validated for CP, consists 
of 88 items (recently available in a short-
ened version with 66 items) designed to 
document changes in motor function includ-
ing lying, rolling, jumping, walking, and so 
forth.117 For example, in the fi rst peer-
reviewed report of a case series of 25 chil-
dren, the gross motor function measure im-
proved an average of 5.3%, which is both 
clinically important and comparable with 

Table 21.4 Summary of Clinical Evidence for the Use of HBOT for CP

STUDY METHODS SUBJECTS INTERVENTIONS OUTCOMES

Machado (1989)109* Case series 230 children with CP 
(all types)

100% O2 at 1.5 ATA for 
1 hour, once or twice 
daily to 20 total 

Reduced spasticity, 
improved attention, 
reduced convulsions

Montgomery and 
colleagues (1999)108

Case series 25 children 3–8 years 
old with spastic 
diplegia

95% O2 at 1.75 ATA for 
1 hour once or twice 
daily to 20 total

GMFM improved 5.3%, 
better walking; parents 
noted improved alertness 
and communication

Nuthall and colleagues 
(2000)111

2 cases Children with CP Required admission to 
ICU after HBOT

1 regurgitated feed, 
1 experienced develop-
ment of acute respiratory 
failure and seizures

Packard (2000)113* RCT—no blinding 
or sham

26 children 1–5 years 
old with moderate-
to-severe CP

100% O2 at 1.5 ATA for 
1 hour twice daily to 
40 sessions; immediate 
treatment vs. delayed 
treatment at 6 months

Parents noted improved 
mobility, attention, and 
speech; no change on 
blinded assessment of 
Peabody score

Collet and colleagues 
(2001)103a†

RCT with blinding 
and sham

111 children 
3–12 years old

100% O2 at 1.75 ATA vs. 
1.3 ATA air, both for 
1 hour daily to 
40 sessions

GFMF improved about 
3% in both groups; no 
differences in neuropsy-
chologic outcomes

Neubauer (2001)102* Case series About 250 children 
6 weeks to 14 years 
old

Up to 1.5 ATA 100% O2 
for 1 hour; example 
cited had 77 treatments

90% have improved SPECT 
and parental ratings of 
function

Chavdarov (2002)114* Case series 50 children, various 
types

1.5–1.7 ATA for 
30 minutes daily to 
20 total

4 withdrawn with adverse 
effects; improved motor 
function in 13%, mental 
function 6%

Mathai and colleagues 
(2005)112*

RCT with blinding 
and sham

20 children 
1–10 years old, 
all types

3 cycles of 100% O2 at 
1.5 ATA for 1 hour daily 
to 30, then 1-month 
intervals (90 total); 
sham breathing air

Improved GMFM with HBOT; 
no differences in SPECT 
or spasticity; some 
improvement in speech

*Not published in peer-reviewed literature.
†Also includes separate reports of neuropsychological outcomes (Hardy and colleagues, 2002115) and adverse effects of therapy (Muller-Bolla and 

colleagues, 2006116).
ATA, atmospheres absolute; CP, cerebral palsy; GMFM, gross motor function measure; RCT, randomized, controlled trial; SPECT, single-photon emission 

computed tomography.
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other accepted therapeutic measures.108 
Many of these reports also suggest improve-
ments in both motor and cognitive skills 
on parental evaluation, and these promising 
results were used as the basis for a well-
conducted randomized study in Quebec, 
which began recruiting patients in 2000.103a

The three published reports of random-
ized studies have also been generally posi-
tive. Unfortunately, two of these have not 
been published in peer-reviewed literature, 
and it is diffi cult to make a full appraisal.112,113 
Dr. Maurine Packard presented the “Cornell 
Study” at a meeting in Graz, Austria, in 2000. 
Her account has been reproduced on a 
national parent-to-parent Web site devoted to 
the care of children with disabilities, but it 
does not appear to have been published else-
where. This study enrolled 26 children aged 
15 months to 5 years who were randomly 
assigned to immediate HBOT (40 treatments 
at 1.5 ATA for 1 hour) or delayed HBOT on 
the same schedule 6 months later. No at-
tempt was made to blind any participants or 
provide a sham therapy. Six of those re-
cruited were later withdrawn for a variety of 
reasons, leaving 20 children to participate in 
the analysis. Most parents reported improve-
ments in mobility (83%), attention (78%), and 
language (87%) over the treatment period 
(combined results of both groups after treat-
ment). There were, however, no statistically 
signifi cant differences between the groups 
on any of the observer blinded assessments 
for cognitive function or motor skills on test-
ing after the immediate group had completed 
therapy or 2 months later. Dr. Packard con-
cludes that for some children, HBOT can im-
prove motor skills, attention, language, and 
play, and that the changes observed may be 
caused by either increased oxygen or inten-
sive contact between child and parent, or a 
combination of factors.

In a study presented in the proceedings of 
the combined European Underwater and Bio-
medical Society and International Congress 
on Hyperbaric Medicine meeting in Barcelona 
in 2005, Mathai and coauthors112 report the 
results of 20 children randomized to 90 treat-
ments with 100% oxygen or air at 1.5 ATA. 

This small trial of an intensive treatment 
regimen demonstrated statistically signifi cant 
improvements in gross motor function mea-
sure in the oxygen group (4.9%) compared 
with sham, but no such changes in language, 
single-photon emission computed tomogra-
phy scans, or spasticity scores. The authors 
conclude that HBOT appears to be associated 
with some benefi t.

The most methodologically sound trial yet 
published is that by Collet and coworkers in 
The Lancet.103a These authors randomized 
111 children to receive 40 sessions of either 
100% oxygen at 1.75 ATA or a sham therapy 
with air at 1.3 ATA. Both arms of this study 
show improvements with gross motor func-
tion measure (3.4% with oxygen, 3.1% with 
air at 3 months), but there are no signifi cant 
differences between groups on any motor or 
cognitive outcome reported in any of the 
three accounts of this trial. The 1.75 ATA oxy-
gen schedule is associated with mild baro-
trauma on examination of the tympanic 
membrane.103a,115,116 The authors conclude 
that either both treatment schedules were 
equally effective, there was a learning effect, 
or a participation effect of some kind was 
present. They fi nd the latter to be the most 
plausible of these possibilities.

Controversy surrounded the Quebec RCT 
even before publication. A Scientifi c Advisory 
Committee was asked to evaluate the scientifi c 
validity of the study and to examine critically 
the hypotheses developed to explain the re-
sults.118 The committee concluded they had no 
reservations about the scientifi c validity of the 
results, but questioned the mechanism of ac-
tion for HBOT and recommended that no fur-
ther clinical trials in children should be under-
taken “unless there is more basic science data 
to guide the design of future trials.”119

The committee examined each of the po-
tential mechanisms in detail. They found no 
scientifi c support for a therapeutic effect of 
oxygen while breathing air at 1.3 ATA. This 
dose is equivalent to breathing 28% oxygen at 
1 ATA and has not been shown previously to 
have profound effects outside the context of 
poor cardiorespiratory function. They believe 
a therapeutic effect of pressure even less 
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likely given the inhibition of healing with 
a hyperbaric control in a model of burn 
injury.119 They also conclude that a learning 
effect was possible but unlikely given the 
methodology of the investigators, and that al-
though the improvements could have been 
the result of a normal evolution over time in 
this young group, insuffi cient data were avail-
able with which to compare the fi ndings.

The committee therefore believed the most 
plausible explanation for these fi ndings was a 
participation effect where a highly motivated 
group of parents and researchers have posi-
tively infl uenced both function and cognitive 
ability equally in both blinded arms of the 
trial. The same effect might operate in any 
unblinded clinical trial in this area,120 and 
there is evidence for the association between 
participation in clinical trials and improved 
outcome across a broad range of patients, 
including children.121,122 A positive infl uence 
may arise from a selection effect (the most 
motivated group is entered into trials), a pla-
cebo effect, an increased compliance with 
therapy, or a combination of all three. The 
inclusion of a highly motivated group in an 
intensive protocol involving repeated com-
pression over several weeks and sustained 
contact with other motivated families appears 
a likely scenario for positive reinforcement of 
any perceived improvement.

Conclusions

We cannot be certain of the real explanation 
for these results until we have more data. It 
does appear more likely that a participation 
effect is operating than a putative pressure 
effect or one related to the administration of 
28% oxygen at 1 ATA equivalent. Even if the 
latter were true, the proper interpretation of 
the data would seem to be the administration 
of the safer and cheaper alternative of 1.3 ATA 
air than 100% oxygen at 1.75 ATA. As far as we 
are aware, no one has adopted the practice of 
administering 28% oxygen outside the cham-
ber environment.

Where do we go from here? All concede 
the need for further research, but the most 
productive directions are diffi cult. Although 
there is little more to be gained from continu-

ing open series, there are two potentially 
productive avenues. First, it is important for 
all patients with chronic brain injury that 
work continues at the basic science level to 
elucidate a proven mechanism of action for 
HBOT (or indeed pressure alone). This is 
critically important in children because of 
the potential for greater gain in the young 
and developing brain. Animal models con-
tinue to be generally supportive for acute 
hypoxic-ischemic brain injury in the adult, 
but little work has been conducted for 
chronic or pediatric injury. Furthermore, the 
concept of the ischemic penumbra remains 
contentious, and the correct interpretation of 
single-photon emission computed tomogra-
phy scans in this context is unclear.

Second, clinical studies of the highest pos-
sible methodologic rigor are necessary. The 
experiences after the publication of the Que-
bec study illustrate the intensity with which 
any future trials will be examined. We believe 
the most pertinent trial would compare the 
effi cacy of HBOT (1.3–2.0 ATA, 1 hour daily 
for 4–6 weeks) to a sham air therapy and a 
sham using 100% oxygen therapy (both with 
transitory trivial compression). Any future tri-
als would need to consider appropriate, effec-
tive randomization and blinding of all partici-
pants and investigators; appropriate sample 
sizes with power to detect clinically impor-
tant differences; careful defi nition and selec-
tion of target patients, with stratifi cation for 
different CP types; appropriate and carefully 
defi ned comparator therapy; appropriate out-
come measures, including those previously 
reported; careful elucidation of any adverse 
effects; and the cost-utility of the therapy.

This is a considerable challenge for any 
research group, particularly for clinical hyper-
baric facilities, and cannot be mounted in the 
absence of support from the pediatric neurol-
ogy community. The onus is on enthusiasts 
who are already convinced of the effi cacy of 
HBOT for CP to encourage and prosecute 
these trials if they wish to persuade the skep-
tical. The skeptics should be keen to help in 
the interests of rational and cost-effective use 
of scarce resources but cannot be expected to 
drive an agenda for which they have little 
expectation of success.
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Multiple Sclerosis

Multiple sclerosis (MS) is a chronic neuro-
logic disease in which there is patchy in-
fl ammation, demyelination, and gliosis in the 
central nervous system (CNS). Although 
there is marked racial and geographic vari-
ability in prevalence, MS occurs most widely 
in races of Northern European ancestry 
(30–150/100,000)123 and is the commonest 
cause of chronic neurologic disability in 
such countries. The disease frequently af-
fects young adults, with a mean age at onset 
in the late 20s.124,125

Considerable variability exists in both pre-
senting clinical features and the progression of 
disability across the spectrum of MS. Defi nitive 
diagnosis has proved to be a diffi cult problem, 
but one of great importance to the individual. 
A diagnosis of MS requires the elimination of 
alternative conditions that may mimic the dis-
ease, and clinical considerations remain para-
mount in making the diagnosis. Traditionally, 
diagnosis has been dependent on a patient 
experiencing two “attacks” of neurologic dys-
function (e.g., optic neuritis, transverse myeli-
tis, double vision, or numbness and tingling of 
the legs). These attacks may be years apart, and 
not all patients who have had a single attack 
will go on to experience development of MS. 
An overview of the current status of diagnosis 
and classifi cation of MS has been given by 
Murray.126 About 85% of patients present with 
the “relapsing-remitting” form of MS, character-
ized by discrete, episodic relapses followed by 
partial or complete recovery. The remaining 
15% present with a slowly progressing set of 
neurologic problems—the “primary progres-
sive” form of MS. Over time patients with the 
relapsing-remitting form may become progres-
sive (secondary progressive) or have a mild 
course with little progress (benign), and pa-
tients with primary progress MS may develop 
discrete relapses (progressive-relapsing). In 
practice, much overlap exists between these 
categories.

A further problem is that the development 
of MRI technology has shown that typical MS 
lesions are present long before the develop-
ment of clinical symptoms and are more 

widespread than previously thought.127 Evi-
dence suggests there is a correlation between 
the number and size of early white matter 
lesions and the degree of subsequent disabil-
ity over at least 15 years.128 Although the 
early identifi cation of individuals at risk leaves 
a window during which therapy can be deliv-
ered, it is not yet clear whether aggressive 
immunomodulatory therapy should be com-
menced at this stage or left until a second 
attack confi rms the diagnosis.

Despite many recent advances in immu-
nology, genetics, molecular biology, and 
related fi elds, the cause of MS remains un-
certain.129 The view that MS is an infl amma-
tory, autoimmune demyelinating disease in 
genetically susceptible individuals has been 
challenged for some years but remains the 
generally accepted model.129,130 The current 
prevailing hypothesis is that exposure to 
unknown environmental antigens in geneti-
cally susceptible individuals results in activa-
tion of certain T-cell populations toward 
myelin protein and proteolipid complexes. 
This triggers a massive infl ammatory pro-
cess that results in tissue destruction within 
the CNS.

The histologic changes described in MS 
are remarkably constant.131 Discrete areas of 
infl ammation appear and evolve within the 
CNS, showing a marked perivenular distribu-
tion. The lesions are mainly in the white mat-
ter but extend into the gray matter and may 
occur in the cerebral hemispheres, cerebel-
lum, spinal cord, and optic nerves. Perivascu-
lar cuffi ng with lymphocytes, breakdown of 
the blood–brain barrier (BBB), and egress of 
infl ammatory cells from the intravascular 
compartment are followed by cascading 
infl ammatory activation. The area in which 
these series of events occurs is known as a 
plaque. Damage to myelin sheaths and oligo-
dendrocytes and degeneration of axons 
cause the neurologic defi cits by which the 
disease becomes apparent. The presence of 
thinly myelinated sheaths in some chronic 
lesions suggests that partial remyelination 
may occur. MRI data have also indicated that 
breakdown of the BBB is an extremely early 
event in the evolution of an infl ammatory 
lesion in MS.127
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It is widely held that this process, and subse-
quent development of a plaque, is immuno-
logically mediated. The case has been summa-
rized by Frohman and coworkers.132 The most 
obvious feature of the acute lesion is a vigorous 
infl ammatory response with abundant lympho-
cytes and macrophages, together with some 
plasma cells and eosinophils. The proinfl am-
matory cytokines tumor necrosis factor-�, 
interferon-�, and interleukin-2 can be shown 
on cells within the lesion. Many of the features 
of MS in humans can be reproduced using 
various experimental models of allergic en-
cephalitis using animals where myelin and 
myelin peptides are injected into genetically 
susceptible individuals. Despite the current 
wide adoption and success of immunosuppres-
sive therapy in MS, however (corticosteroids, 
	-interferons, glatiramer acetate), the evidence 
for an immunologic process remains circum-
stantial and the relevance of these experimen-
tal models has been questioned.

Some authors have noted that infl amma-
tion is a feature of neurodegenerative dis-
eases of the CNS, and they go on to suggest 
that the infl ammatory changes summarized 
earlier are reactive rather than causative. As 
an example, Chaudhuri points out that im-
mune cells are a feature of a number of neu-
rologic disorders including stroke, where a 
sevenfold increase in circulating and cerebro-
spinal fl uid myelin-antigen–reactive T cells is 
accepted as a response to acute brain injury 
rather than its cause.133–135 Furthermore, sev-
eral features of MS are highly suggestive of a 
disorder of metabolic regulation including 
the protective effect of sunlight and sex ste-
roids during pregnancy. After histopathologic 
analysis of a series of early lesions, Barnett 
and Prineas136 have also proposed that all MS 
lesions may start with apoptosis of oligoden-
drocytes secondary to an ischemic or meta-
bolic insult yet to be identifi ed, rather than 
infl ammation being the primary event. The 
possibility that MS is caused by an infectious 
agent remains; however, no putative organism 
has ever been isolated despite an extensive 
search.

With regard to the possible effectiveness 
of HBOT, it has been proposed that MS is, in 

fact, a vascular-ischemic event.130 The similarity 
noted between the diffuse neurologic abnor-
malities associated with gas embolism and de-
compression sickness on the one hand, and MS 
on the other, suggest there may be a vascular 
association. Relevant features include the ob-
servation of perivenular lesions,137 abnormal 
permeability of vessels in MS,138 and abnormal 
vessel reactivity.139 The close anatomic relation 
between MS plaques and venules in the CNS 
was fi rst remarked on in 1863.140 Acute lesions 
often extend along the vessels in a sleevelike 
manner, and both thrombosis and perivascular 
hemorrhages have been described.137

In a 1982 review, James141 suggests that the 
sudden onset of neurologic symptoms in the 
absence of generalized illness could be ex-
plained as an embolic phenomenon. Based 
partly on data produced by Dow and Berglund 
in 1942,142 James postulated that a subacute 
form of fat embolization similar to that after 
trauma, and associated with damage to the 
BBB, may be responsible. Such emboli could be 
triggered by a number of stimuli and, in theory 
at least, might lead to downstream hypoxia, 
endothelial damage, and leakage of reactive 
oxygen species and hydrolyzed fats into the 
interstitium. Damage to myelin could then pro-
duce the typical plaque over time. The reduced 
vascularity of the cortex in comparison with 
the white matter was postulated to explain the 
anatomic distribution of lesions. This mecha-
nism is summarized in Figure 21.5.

Gottlieb and Neubauer130 developed this 
“vascular-ischemic model” further, suggesting 
that MS may be viewed as a wound in the 
CNS resulting from vascular dysfunction and 
an ischemia-reperfusion event. They suggest 
that the described immunologic changes are 
a result of this dysfunction, rather than the 
primary cause of the clinical syndrome.

A modifi ed vascular hypothesis has again 
been proposed, with attempts to include both 
immunologic and vascular processes in the 
general pathogenesis of MS.143 Minagar and 
coauthors143 suggest that breaching of the BBB 
is a consequence of endothelial dysfunction, in 
turn mediated by leukocyte-endothelial inter-
actions. Either leucocytes or cerebral vascular 
endothelial cells may act as the primary 
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antigen-presenting cells in this process, but 
the result is chemotaxis between them, open-
ing of the endothelial tight junctions that char-
acterize the BBB, and entry of activated T cells 
and macrophages to the cerebral interstitium. 
The resulting cascade of infl ammatory re-
sponse damages both cellular elements and 
myelin. Pharmacologic agents designed to spe-
cifi cally target adhesion molecules along the 
BBB have already been introduced into clinical 
practice, although the fi rst, natalizumab, has 
been withdrawn because of reports of pro-
gressive multifocal leukoencephalopathy in 
patients while taking the drug.144,145

Clinical Evaluation of Multiple Sclerosis

Although MRI fi ndings are now widely ac-
cepted as surrogate outcomes for disease ex-
tent and progression, clinical outcomes were 
the standard measure by which the success or 
failure of therapeutic interventions were judged 
at least until the early 1990s. This covers the 
period of intense interest in the use of HBOT 
for MS. Although there are several proposed 
clinical assessment schemes, by far the most 
popular are those developed by Kurtzke.146,147 
The Kurtzke Extended Disability Status Scale 
(EDSS) and the Kurtzke Functional Status Scale 
(FSS) were intended to be used together to re-
producibly describe the degree of functional 
impairment across seven systems (FSS) and a 
score for overall disability (EDSS).146,147 The 

scales are summarized in Table 21.5. Most of 
the clinical literature examining the effective-
ness of HBOT for MS used one or both of these 
scales to compare functional and global impair-
ment at enrollment and each outcome period 
in order to determine the benefi t or otherwise 
of therapy. The implications are discussed later 
in this chapter.

Therapy

MS is currently an incurable disease. In gen-
eral, there are three approaches to treatment: 
the prevention of disease progression and re-
duction of relapse rate, the treatment of acute 
exacerbations, and the treatment of chronic 
symptoms. HBOT has been postulated to mod-
ify disease progression and to reduce relapse 
rate, but it is not advanced for the control of 
acute exacerbations or chronic symptoms.

For the most part, measures aimed at altering 
disease progression and relapse are immunosup-
pressive or immunomodulatory, or both. Drugs 
used in MS include interferon-	, glatiramer 
acetate, intravenous immunoglobulin, mitoxan-
trone, methotrexate, and corticosteroids. The 
most commonly used options have been evalu-
ated by the American Academy of Neurology 
and the MS Council for Clinical Practice Guide-
lines.148 Current therapy consists of the adminis-
tration of one or more of these partially effec-
tive, disease-modifying treatments to appropriate 
patients. The identifi cation of nonresponders is 

Cortex
Medulla

Embolus Thrombus

Arteriole Capillary Venule

Area of hypoxia, endothelial damage, 
and subsequent demyelination

Figure 21.5 Theoretical pathology of 
plaque formation from James (1982)141 
and based on data from Dow and Berglund 
(1942).142 Fat embolus causes downstream 
hypoxia, thrombus formation, and endothelial 
damage. Leakage of reactive species into the 
interstitium damages myelin and promotes 
plaque formation.
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verity, are achieved at high annual cost per 
patient (U.K. estimate between £10,000 and 
£20,000).158 Adverse side effects are common, 
particularly fl u-like symptoms and injection 
site reactions.

Some randomized evidence for the effi cacy 
of glatiramer acetate, acetate azathioprine, cy-
closporin, intravenous immunoglobulin, meth-
otrexone, and mitoxantrone also exists in 
some clinical situations; however, the place of 
these agents remains less certain.

problematic, and no absolute criteria exist by 
which to plan the timing of new or additional 
therapy.

Interferon-	 is the agent for which there is 
the best evidence of effi cacy, and several large, 
placebo-controlled RCTs have been published 
between 1998 and 2006.149–157 These trials 
suggest a limited benefi t in relapsing-remitting 
and secondary progressive MS, although all 
the trials have methodologic limitations. Ben-
efi ts, in terms of reduced relapse rate and se-

Table 21.5 Summary of Descriptors for Each Score of the Kurtzke Expanded Disability 
Status Score and the Kurtzke Functional Status Score146,147

EDSS FSS

0 � Normal neurologic examination Pyramidal: 0 � normal; 1 � signs without disability; 2 � mild 
disability; … 6 � quadriplegia; … 9 � unknown

1.0 � No disability; minimal signs on 1 FS Cerebellar: 0 � normal; 1 � signs without disability; 2 � mild ataxia; 
… 5 � unable to perform coordinated movements because of ataxia; 
… 9 � unknown

1.5 � No disability; minimal signs on �1 FS. Brainstem: 0 � normal; 1 � signs only; 2 � moderate nystagmus; 
… 5 � inability to swallow or speak; … 9 � unknown

2.0 � Minimal disability in 1 FS Sensory: 0 � normal; 1 � vibration or fi gure writing decreased in one 
or two limbs; 2 � mild decrease in touch, pain, or position sense; 
… 6 � sensation lost below head; … 9 � unknown

2.5 � Minimal disability in 2 FSs Visual: 0 � normal; 1 � scotoma with corrected acuity �20/30; 
2 � scotoma with worse eye corrected acuity 20/30 to 20/59; … 
6 � worse eye corrected acuity �20/200 and better eye �20/60; 
… 9 � normal

3.0 � Moderate disability in 1 FS, or mild disability in 
3–4 FSs; fully ambulatory

Mental: 0 � normal; 1 � mood alteration; 2 � mild decrease in 
mentation; … 5 � dementia severe or incompetent; 9 � unknown

3.5 � fully ambulatory; moderate disability in 3–4 FSs Bladder/bowel: 0 � normal; 1 � mild urinary hesitance, urgency, 
or retention; 2 � moderate same or occasional incontinence; 
… 6 � loss of bladder and bowel function; … 9 � unknown

4.0 � fully ambulatory, walk without aid 500 m; up and 
about 12 hr/day despite relatively severe disability

Other

4.5 � Fully ambulatory, walk 300 m without aid; up and about much of day, able to work a full day but may have some limitation 
of full activity or require minimal assistance

5.0 � Ambulatory without aid for 200 m; disability impairs full daily activities
5.5 � Ambulatory for about 100 m; disability precludes full daily activity
6.0 � Intermittent or unilateral constant assistance required to walk 100 m with or without resting
6.5 � Constant bilateral support required to walk 20 m without resting
7.0 � Unable to walk beyond 5 m with aid; essentially restricted to wheelchair; wheels self, transfers alone
7.5 � A few steps only; restricted to wheelchair, needs aid to transfer; wheels self but may need motorized chair for full day’s activities
8.0 � Essentially restricted to bed, chair, or wheeled; may be out of bed much of the day; retains self-care functions; generally 
effective use of arms

8.5 � Essentially restricted to bed much of the day; some effective use of arms, some self-care functions
9.0 � Helpless bed patient; can communicate and eat
9.5 � Unable to communicate effectively, eat, or swallow
10 � Dead

EDSS, Expanded Disability Status Score; FS, functional score; FSS, Functional Status Score.
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In his 1982 article suggesting MS was a 
vascular-ischemic event, James141 proposes 
the use of HBOT administration as a treat-
ment on the basis of the demonstrated ability 
of HBOT to produce vasoconstriction with 
increased oxygen delivery and some anec-
dotal evidence of effi cacy.159–161 In the subse-
quent 10 years a fl urry of activity produced a 
number of RCTs in the United Kingdom, 
United States, Australia, and Europe despite 
widespread skepticism concerning the postu-
lated pathophysiology. These trials have been 
summarized in a review paper by Bennett and 
Heard in 2001.162 The nonrandomized clinical 
evidence is summarized in Table 21.6.

Evidence

The early reports had for the most part sup-
ported a role for HBOT in preventing progres-
sion of MS and indeed reducing disability across 
a wide range of patients. Both neurologists and 
hyperbaricists tended to divide into enthusiasts 
or staunch opponents of this approach, and the 
place of HBOT remained controversial. In the 
late 1980s, Kindwall and coauthors163 initiated 
a national data register for MS patients undergo-
ing HBOT. A total of 170 neurologists across 
22 institutions in the United States contributed 
to this 2-year longitudinal study, and a total of 
312 patients were enrolled. Kindwall and coau-
thors163 describe a high dropout rate (only 
76% fi nished the initial course of 20 treat-
ments), and at completion of the 2-year study 
period, only 28 of the original 312 patients 

remained in treatment (9%). The mean deterio-
ration on the Kurtzke EDSS score was 0.93 or 
almost a full step from the beginning of treat-
ment until the last evaluation. These disappoint-
ing results led the Undersea and Hyperbaric 
Medical Society to confi rm that MS should not 
be an approved indication.

Many neurologists practicing in this area 
continue to believe such treatment is unlikely 
to be helpful, and HBOT is not widely avail-
able for this indication in many countries. An 
informal longitudinal case series published 
only on the Internet suggests signifi cant ben-
efi t from the application of HBOT to patients 
with a variety of MS presentations.164 This 
group claims signifi cant benefi t with HBOT 
for the prevention of long-term deterioration 
by regular maintenance therapy. The Multiple 
Sclerosis National Therapy Centres data derive 
from in excess of 1,000,000 treatment occa-
sions and suggest widespread improvements 
in both symptomatology and mobility. Some 
of the claims are summarized in Table 21.7. 
These data are likely to be signifi cantly biased 
in favor of apparent effectiveness because the 
only patients for whom we have late assess-
ments are those who continue treatment over 
several years. As was the case with Kindwall 
and coauthors’ study,163 those dropping out 
are likely to be those who found little or no 
benefi t from HBOT.

The evidence from comparative trials has 
been far less positive than that suggested by this 
U.K. experience. Worthington, in a nonrandom-
ized crossover trial involving 51 patients with 

Table 21.6 Selected Clinical Evidence for the Treatment of MS with HBOT

METHODOLOGY AUTHOR SUBJECTS (N) CONCLUSION

Comparative trial with non-
random crossover design

Worthington and colleagues 
(1987)165

51 Minor benefi t from hyperbaric 
oxygen therapy

Comparative, nonrandom Pallotta (1982)166a 22 Reduced relapse
Case series Boschetty and Cernoch 

(1970)159
26 Transient symptomatic improvement 

(15/26)
Case series: no peer review* No authors (2006)164 703 Improved disability scores and 

symptomatology
Qualitative review Gottlieb and Neubauer 

(1988)130
14 trials Suggest poor trials and data 

misinterpreted

*Internet publication only. No authors formally recognized but advice of James and Perrin acknowledged.
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Cochrane Review

The Cochrane review on MS identifi es 10 re-
ports of 9 RCTs, all published between 1983 
and 1990: Fischer and colleagues (1983),167 
Barnes (1985),169a Neiman (1985),169b Wood 
(1985),169c Confavreux (1986),169d L’Hermitte 
(1986),169e Harpur (1986),169f Wiles (1986), 169g 

Barnes (1987),169h and Oriani (1990).169i In to-
tal, these trials include data on 504 partici-
pants, 260 receiving HBOT and 244 control or 
sham therapy. The details are summarized in 
Table 21.8.

The dose of oxygen per treatment session 
varied between studies from 1.75 ATA for 
90 minutes (Harpur, 1986) to 2.5 ATA for 
90 minutes (Confavreux, 1986; Oriani, 1990). 
All others used 2.0 ATA for 90 minutes. Whereas 
all trials used an initial course of 20 treatment 
sessions over 4 weeks, two (Harpur, 1986; Ori-
ani, 1990) continued to administer “top-up” 
treatments. Similarly, there were differences in 
sham therapies, inclusion criteria, and exclu-
sion criteria (see Table 21.8). The mildest cases 
on admission were those in Oriani (1990), 
where the entry criteria were EDSS score less 
than 5 and the mean scores were 3.39 (stan-
dard deviation, 1.16) in the active group and 
2.97 (standard deviation, 0.84) in the control 
group, whereas the most severely affected 
were the participants enrolled by Confavreux 
(1986) (active group: mean EDSS score, 6.2; 
standard deviation, 0.7; control group: mean 
EDSS score, 6.9, standard deviation, 1.4). The 
majority of studies enrolled participants with 
scores between 3 and 8.

The participants and outcome assessors 
were blinded in all studies, although only 
Harpur (1986) attempted to test the success 

chronic-progressive and relapsing-remitting dis-
ease, found some minor benefi ts after 20 HBOT 
sessions (peak fl ow and fi nger tapping im-
proved), although walking and mobility were 
improved after the placebo sessions. Self-care 
activities decreased during the course of the 
trial for each group.165

In a qualitative review of the literature, 
Gottlieb and Neubauer130 suggest many of 
the RCTs conducted were methodologically 
fl awed, and that the authors may have misinter-
preted the trial data. Of particular concern to 
these authors was the possibility that the dose 
of oxygen was too high and that few trials 
included ongoing “top-up” treatments after the 
original course of HBOT. Neubauer166 recom-
mends a starting pressure of 1.5 ATA with 
graduated introduction of greater pressures ti-
trated to the patient response. It is of note, 
however, that the original positive RCT used 
2 ATA oxygen and showed positive results at 
1-year follow-up despite not including “top-up” 
treatments.167 Neubauer and Gottlieb contend 
that the effective dose was lower in this trial 
because of ineffi cient oxygen delivery by the 
masks used in this trial, and they conclude that, 
despite generally poor results, these trials justify 
the use of HBOT when interpreted in the light 
of their own vascular-ischemic pathophysio-
logic model. After the publication of further 
randomized trials, Kleijnen and Knipschild168 
conducted a semiquantitative analysis and con-
cluded “the majority of controlled trials could 
not show positive effects.” They considered 8 of 
14 trials to be of reasonable to high quality, and 
of these, only one trial (Fischer and colleagues167) 
showed a result in favor of HBOT. In 2004, 
Bennett and Heard169 published a formal 
Cochrane SR with meta-analysis.

Table 21.7 Longitudinal Data from Multiple Sclerosis National Therapy Centres Data164

SYMPTOM IMPROVED (%) NO CHANGE (%) WORSE (%)

Fatigue 70 22 8
Speech 64 34 1
Balance 59 37 4
Bladder control 68 30 0
Walking 77 19 4
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Table 21.8 Characteristics of the Studies Included in the Cochrane Review of HBOT for MS

STUDY METHODS PARTICIPANTS INTERVENTIONS OUTCOMES

Barnes (1985)169a Participants and 
observers blinded; 
6/12 outcome

120 patients with 
EDSS score � 8: 
60 sham, 60 HBOT

Active: HBOT 20 daily 
sessions at 2.0 ATA for 
90 minutes

Control: air at 1.1 ATA

EDSS, sphincter, pyramidal 
function, relapse, adverse 
effects

Barnes (1987)169h 1-year outcome As above As above EDSS, sphincter, pyramidal 
function, relapse

Confavreux (1986)169d Participants and 
observers blinded; 
steroids for some

17 MS patients with 
EDSS score of 3–8: 
9 sham, 8 HBOT

Active: HBOT 20 daily 
sessions at 2.5 ATA for 
90 minutes

Control: air at 1.1 or 1.2 ATA

EDSS, sphincter, pyramidal 
function, adverse effects

Fischer (1983)167 Participants and 
observers blinded

40 MS patients with 
EDSS score 
� 6: 20 sham, 
20 HBOT

Active: HBOT 20 daily 
sessions at 2.0 ATA for 
90 minutes

Control: 10% oxygen at 
2.0 ATA

EDSS, sphincter, pyramidal 
function, relapse, adverse 
effects

Harpur (1986)169f Participants and 
observers blinded

82 MS patients with 
EDSS score of 
3–7.5: 41 sham, 
41 HBOT

Active: HBOT 20 daily 
sessions at 1.75 ATA for 
90 minutes; 7 “booster” 
sessions over 6 months

Control: 12.5% oxygen at 
1.75 ATA plus 7 “booster” 
sessions

EDSS, sphincter function, 
relapse, FSS

L’Hermitte (1986)169e Participants and 
observers blinded; 
two active vs. one 
control group

49 MS patients with 
group EDSS score 
mean approxi-
mately 5.25: 
15 sham, 
34 HBOT

Active: (1) HBOT 20 daily 
sessions at 2.3 ATA plus 
diazepam 5 mg for 
90 minutes; (2) HBOT 
at 2.0ATA

Control: 10.5% oxygen at 
2.0 or 2.3 ATA

EDSS, relapse, FSS, adverse 
effects during therapy

Neiman (1985)169b Participants and 
observers blinded

24 MS patients with 
mean EDSS scores 
6 (active) and 
6.1 (control): 
12 sham, 12 HBOT

Active: HBOT 20 daily 
sessions at 2.0 ATA for 
90 minutes

Control: Air at 1.2 ATA for 
5 minutes

EDSS, bladder sphincter 
function, FSS

Oriani (1990)169i Participants and 
observers blinded

44 MS patients with 
EDSS score � 5; 
mean EDSS scores 
3.39 (active) and 
2.97 (control):

22 sham, 22 HBOT

Active: HBOT 20 daily 
sessions at 2.5 ATA for 
90 minutes. 5 “booster” 
sessions each month to 
1 year

Control: air at 2.5 ATA, plus 
5 “booster” sessions

EDSS, sphincter, pyramidal 
function, FSS

Wiles (1986)169g Participants and 
observers blinded

84 MS patients with 
mean EDSS scores 
of 5.4 (active) and 
5.9 (control): 
42 sham, 42 HBOT

Active: HBOT 20 daily 
sessions at 2.0 ATA for 
90 minutes

Control: air at 1.1 ATA

Bladder sphincter function, 
adverse effects during 
therapy

Wood (1985)169c Participants and 
observers blinded

44 MS patients with 
EDSS score 
�3 to 8: 23 sham, 
21 HBOT

Active: HBOT 20 daily 
sessions at 2.0 ATA for 
90 minutes

Control: 10% oxygen at 
2.0 ATA

EDSS, sphincter, pyramidal 
function, adverse effects 
during therapy

ATA, atmospheres absolute; EDSS, Extended Disability Status Scale; FSS, Functional Status Score; HBOT, hyperbaric oxygen therapy; MS, multiple sclerosis.
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of patient blinding by questionnaire (no 
numeric result reported). Overall, 31 (7.7%) of 
the patients enrolled in these trials were lost 
to follow-up, and sensitivity analysis was made 
using best- and worst-case outcome analyses 
to examine any potentially important effects 
when appropriate.

Most of these trials reported on improve-
ments in disability using the EDSS. There were 
no benefi ts in mean EDSS at the completion of 
20 treatments (mean change in active group 
compared with sham, �0.07; 95% CI, �0.23 to 
0.09; P � 0.4) or at 6 months (�0.22; 95% CI, 
�0.54 to 0.09; P � 0.17); however, there was a 
statistically signifi cant benefi t at 1 year after 
completion of initial course (�0.85; 95% CI, 
�1.28 to �0.42; P � 0.0001). The only two out 

of the nine trials that reported mean EDSS at 
1 year were also the only two generally positive 
trials (Figs. 21.6 and 21.7). Similarly, the propor-
tion of participants improved by at least one 
point on the EDSS did not differ at completion 
of 20 treatments (not improving with HBOT 
OR, 0.33; 95% CI, 0.09–1.18; P � 0.09) or at 
6 months (OR, 0.42; 95% CI, 0.16–1.08; 
P � 0.07), but again, a statistically signifi cant 
benefi t from HBOT did exist at 1 year (OR, 0.2; 
95% CI, 0.06–0.72; P � 0.01). Thirteen subjects 
(14.3%) in the HBOT group improved, and four 
subjects (4.5%) in the sham group improved. 
This analysis largely refl ects the Oriani (1990) 
study, to which it contributes 84.7% of the 
weight. The result was sensitive to the alloca-
tion of dropouts with a loss of any signifi cant 

Figure 21.6 Forest plot for improvement in Extended Disability Status Scale (EDSS) score after 20 treatments; 
subgroup analysis by oxygen dose. CI, confi dence interval; HBOT, hyperbaric oxygen therapy; SD, standard deviation; 
WMD, weighted mean difference. (From Bennett M, Heard R: Hyperbaric oxygen therapy for multiple 
sclerosis. Chichester, United Kingdom, John Wiley & Sons, Ltd. Cochrane Database Syst Rev 
(1):CD003057, 2004. Copyright Cochrane Collaboration, reproduced with permission.)

Review: Hyperbaric oxygen therapy for multiple sclerosis
Comparison: 01 Hyperbaric Oxygen Therapy versus Placebo
Outcome: 02 Change in mean EDSS at 20 treatments. Subgroup analysis by oxygen dose

Study or 
subcategory

HBOT Placebo WMD (random)
95% CI

Weight
%

WMD (random)
95% CIMean (SD)N N Mean (SD)

01   High oxygen dose

Fischer 1983 17 -1.00 (1.00) 20 0.00 (1.00) 12.45 -1.00 [-1.65, -0.35]

Neiman 1985 12 0.00 (0.20) 12 0.00 (0.30) 30.87 0.00 [-0.20, 0.20]

Harpur 1986 41 0.00 (1.06) 41 -0.16 (1.13) 17.95 0.16 [-0.31, 0.63]

Wiles 1986 42 0.01 (1.16) 42 0.16 (0.42) 22.31 -0.15 [-0.52, 0.22]

Subtotal (95% CI) 112 115 83.59 -0.17 [0.52, 0.18]

Test for heterogeneity: ch i2=9.48, df=3 (p=0.02), l2 =68.4%
Test for overall effect: z=0.96 (p=0.34)

02  Low oxygen dose

Oriani 1990 22 0.05 (1.16) 22 0.16 (0.42) 16.41 -0.11 [-0.63, 0.41]

Subtotal (95% CI) 22 22 16.41 -0.11 [-0.63, 0.41]

Test for heterogeneity: not applicable
Test for overall effect z=0.42 (p=0.68)

Total (95% CI) 134 137 100.0 -0.15 [-0.43, 0.13]

Test for heterogeneity: ch i2=9.50, df=4 (p=0.05), l2=57.9%
Test for overall effect: z=1.03 (p=0.30)

-4 -2 0 2 4
Favors treatment Favors control
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Figure 21.7 Forest plot for improvement in Extended Disability Status Scale (EDSS) score after 12 months. 
CI, confi dence interval; HBOT, hyperbaric oxygen therapy; SD, standard deviation; WMD, weighted mean 
difference. (From Bennett M, Heard R: Hyperbaric oxygen therapy for multiple sclerosis. Chichester, 
United Kingdom, John Wiley & Sons, Ltd. Cochrane Database Syst Rev (1):CD003057, 2004. 
Copyright Cochrane Collaboration, reproduced with permission.)

advantage from the administration of HBOT 
with worst-case assumptions (OR, 1.34; 95% CI, 
0.08–21.75; P � 0.21). The analysis suggests 
that 10 individuals would need to be treated 
with HBOT to achieve 1 extra patient with an 
improvement in EDSS score of 1 point at 1 year, 
but as many as 71 individuals may need to be 
treated (NNT � 10; 95% CI, 5–71).

On the basis that HBOT may prevent dete-
rioration rather than improve disability, sev-
eral trials recorded the proportion of patients 
experiencing deterioration. There was, how-
ever, no signifi cant reduction in the odds of 
experiencing an exacerbation at completion 
of initial course of HBOT (OR, 0.31; 95% CI, 
0.01–7.80; P � 0.5), 6 months (OR, 0.74; 95% 
CI, 0.25–2.22; P � 0.6), or at 1 year (OR, 0.38; 
95% CI, 0.04–3.22; P � 0.4). At the fi nal fol-
low-up, 25.9% of patients in the HBOT group 
had suffered an exacerbation versus 36.9% in 
the sham group.

Many trials also recorded information on 
functional outcomes using the FSS. There were 
no signifi cantly increased odds of improving in 
global FSS scores after HBOT at completion of 
therapy (OR, 1.17; 95% CI, 0.59–2.33; P � 0.65) 
or at 6 months (OR, 1.09; 95% CI, 0.55–2.18; 
P � 0.8). Only Oriani (1990) reports this out-
come at 1 year, and 41% of patients in both 
arms had improved FSS scores. Similarly, there 
were no signifi cant benefi ts from HBOT for 
maintaining bladder and bowel sphincter func-
tion (e.g., odds of not improving with HBOT at 
6 months is 0.50; 95% CI, 0.08–2.94; P � 0.4). 

At 1 year, 17.2% of participants had improved 
in the HBOT group and 5.7% in the sham 
group (P � 0.09).

In contrast, although there was no evi-
dence of benefi t for pyramidal function 
immediately after therapy, there was statisti-
cally signifi cant benefi t at both 6-month and 
1-year assessments (e.g., at 1 year, the odds of 
not improving with HBOT were 0.13; 95% CI, 
0.03–0.58; P � 0.007). At that time, 13.2% of 
patients improved in the HBOT group com-
pared with 4.5% in the sham group. These 
results largely refl ect the outcome in a single 
trial (Oriani, 1990) and suggest that at least 
6 patients would need to be treated with 
HBOT to improve 1 extra individual, but per-
haps as many as 197 patients would need to 
be treated (NNT � 11; 95% CI, 6–197).

These trials suggest that there were sig-
nifi cantly increased odds of deteriorating vi-
sion after the administration of HBOT (OR, 
24.87; 95% CI, 1.44–428.50; P � 0.03). The 
analysis suggests the NNT with HBOT to get 
one further complaint of visual disturbance 
is low (NNT � 1; 95% CI, 1–2). Approxi-
mately 55% of patients suffered deterioration 
in the HBOT group, and three participants 
(2.3%) experienced this in the sham group. 
No statistically signifi cant increase occurred 
in the odds of aural barotrauma after the ad-
ministration of HBOT (OR, 2.94; 95% CI, 
0.62–13.91; P � 0.17), although no data were 
recorded on any other adverse effects of 
therapy.

Review: Hyperbaric oxygen therapy for multiple sclerosis
Comparison: 01 Hyperbaric Oxygen Therapy versus Placebo
Outcome: 02 Change in mean EDSS at 12 months

Study or 
sub-category N

HBOT
Mean (SD) N

Placebo
Mean (SD)

WMD (fi xed)
95% Cl

Weight
%

WMD (fi xed)
95%  CI

Fischer 1983 17 -0.59 (1.06) 20 0.35 (0.81) 48.53 -0.94 [-1.56 , -0.32]

Oriani 1990 22 -0.98 (1.16) 22 -0.21 (0.84) 51.47 -0.77 [-1.37, -0.17]

Total (95% CI) 39 42 100.00 -0.85 [-1.28, -0.42]

Test for heterogeneity: ch i2=0.15, df=1 (p=0.70), l2 =0%
Test for overall effect: z=3.89 (p<0.0001)

-4 -2 0 2 4
Favors treatment Favors control
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Conclusions

The pathophysiology of MS remains uncertain 
and is an area of active research. Immune 
mechanisms appear likely to remain central to 
the development of the clinical syndrome, and 
given the known immunologic effects of hy-
peroxia, it remains possible that HBOT could 
have a role in disease modifi cation. Animal 
models of MS are problematic and not univer-
sally accepted; therefore, preclinical evidence 
of HBOT remains thin. In contrast, a consider-
able body of clinical evidence exists on which 
to base treatment recommendations.

Despite encouraging reports in the litera-
ture, Bennett and Heard169 conclude there 
was little evidence of a signifi cant effect for 
the administration of HBOT in a formal SR 
with meta-analysis of the randomized evi-
dence. There were no clear and clinically 
important benefi ts evident from HBOT ad-
ministration with respect to important clini-
cal outcomes. Although a modest benefi t 
was demonstrated in mean EDSS score at 
12 months, this result is uncertain given that 
only two trials reported on this outcome at 
this time (16% of the total participants in the 
review), and they were the only trials of the 
nine to suggest benefi t at earlier assessment 
times. Similarly, the modest benefi t suggested 
at 12 months in the proportion of partici-
pants with improved EDSS scores refl ected 
a single trial (Oriani, 1990), which contrib-
uted 84.7% of the weight to that analysis and 
was sensitive to the allocation of dropouts. 
All other trials reporting this outcome at 
6 months suggested no clinically useful ben-
efi t, and it appears biologically implausible 
that a benefi t be absent at 6 months after 
treatment and present at 12 months. Fur-
thermore, the reduction in mean EDSS in the 
HBOT group at 12 months was only 0.84 
points, a barely detectable difference on 
clinical examination.

Of the 20 separate outcome factors where 
meta-analysis was possible, signifi cant benefi t 
was suggested in only 3. None of the subgroup 
analyses undertaken (oxygen course, nature of 
sham and oxygen treatment pressure) could 
explain the heterogeneity between the results 

of Fischer (1983) and Oriani (1990) (benefi t 
suggested) and the other seven trials (no evi-
dence of benefi t).

Proponents of HBOT suggest that a long 
course of treatment may be required to 
demonstrate benefi t,170 and that those trials 
giving only 20 treatments are fl awed in this 
regard. Others also maintain that treatments 
greater than 2 ATA are toxic and unhelp-
ful.130,166 Both these assertions are diffi cult 
to sustain, however, in that of the two trials 
contributing to this signifi cant result, one 
gave a short course at only 2 ATA (Fischer, 
1983), whereas the other continued with 
top-up treatments to 12 months and used 
2.5 ATA (Oriani, 1990), and both showed 
benefi ts after 20 treatments and 6 months. 
Furthermore, the only other trial to adminis-
ter a longer course of treatments (Harpur, 
1986) failed to suggest any benefi t in EDSS 
at 20 treatments or 6 months (no data at 
12 months). There is no reason to extrapolate 
that data from other trials, including Harpur 
(1986), would have confi rmed a benefi t after 
12 months after having failed to do so at ear-
lier analyses.

In summary, no consistent evidence con-
fi rms a benefi cial effect of HBOT for the treat-
ment of MS, and routine use does not appear 
to be justifi ed on the basis of the available evi-
dence. The small number of analyses sugges-
tive of benefi t in the Cochrane meta-analysis 
were isolated, diffi cult to ascribe with biologi-
cal plausibility, and would need to be con-
fi rmed in future well-designed trials. The cost 
to achieve any benefi t is likely to be high.

The published clinical evidence is dated 
and diffi cult to interpret compared with 
contemporary investigations. Although there 
is a case for further research, there is little 
indication that strong and clinically useful 
treatment effects are likely. It is possible, 
however, that modest treatment benefi ts 
may be present in a subset of disease sever-
ity or classifi cation. One of the two trials in-
dicating some benefi ts (Oriani, 1990), for 
example, enrolled patients with relatively 
mild disabilities, and it may be that HBOT 
has a role in mild disease. Any future trials 
will need to be planned carefully and 
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will need to include MRI data and validated 
quality-of-life instruments. Finally, any future 
trials should assess both the safety and cost 
of therapy. It is likely that only staunch advo-
cates would be willing to pursue such inves-
tigations.

Acute Ischemic Stroke

Stroke may be defi ned as a sudden neurologic 
defi cit that is of presumed vascular origin.171 
It is both a leading cause of mortality world-
wide, accounting for an estimated 5.4 million 
deaths in 2001 (9.6% of all deaths), and a lead-
ing cause of disability, accounting for 6% of all 
disability-adjusted life-years in developed 
countries.172 About one third of survivors 
require signifi cant assistance in daily life at 
1 year after an event.171,173

Stroke is divided into two broad subgroups: 
ischemic and hemorrhagic, with the former 
accounting for 73% to 86% of all cases.174 On 
average, ischemic stroke has a lower case fatal-
ity rate than hemorrhagic stroke (23% vs. 62% 
at 1 year). Accepted treatment for ischemic 
stroke includes anticoagulation and thrombol-
ysis, whereas in hemorrhagic stroke, such mea-
sures are likely to promote further bleed-
ing.171,173 Therefore, an early and accurate 
diagnosis is desirable.171 Because clinical as-
sessment is unreliable in determining the 
stroke type, neuroimaging (preferably using 
computerized tomography [CT] scan) is re-
quired for optimal management.175

During a cerebral ischemic event, neuro-
logic tissue suffers hypoxia. When hypoxia is 
prolonged, neurons lose their ability to main-
tain ionic homeostasis. Free oxygen radicals 
accumulate and degrade the cell mem-
branes,46,47 leading to irreversible changes 
resulting in unavoidable cell death. These 
changes may occur rapidly and before ther-
apy can be instituted, but in some patients, 
the symptoms worsen gradually or in a step-
wise fashion over a matter of hours or days.48 
This latter observation suggests that the close 
management of hemodynamic, respiratory, 
and metabolic factors designed to maintain 
oxygenation might be benefi cial.

Therapy

Great emphasis is placed on the prevention of 
cerebral ischemic events through lifestyle 
change and pharmacology aimed at reducing 
general cardiovascular risk. The recognition 
and modifi cation of risk factors is a continu-
ing challenge beyond the scope of this chap-
ter, but evidence emerging from MRI using 
diffusion-weighted techniques suggests that 
silent ischemic events are common both be-
fore and after clinically apparent episodes of 
ischemia, and this technique may be useful to 
monitor the effect of any intervention.176,177

Intensive stroke management protocols, 
thrombolysis, and antiplatelet therapy have 
been shown to positively infl uence the out-
come after acute events.178–180 Within these 
protocols, accepted adjunctive measures de-
signed to assist recovery from acute stroke 
include nutritional supplementation using 
enteral nutrition via nasogastric tube,181 tight 
control of blood glucose,182 and measures to 
control arterial blood pressure.183 The most 
important therapeutic decision is whether to 
administer thrombolysis, and this decision is 
based on timing and exclusion of hemor-
rhagic stroke by brain imaging techniques.

HBOT has been proposed for the adjunc-
tive treatment of ischemic stroke since the 
1960s.184,185 The potential benefi ts of HBOT 
include the reversal of hypoxia through 
increased oxygen delivery and reduction of 
cerebral edema.49,56 Several specifi c and 
potentially benefi cial effects of hyperoxia 
include decreased lipid peroxidation, inhibi-
tion of leukocyte activation, and restoration 
of the functional BBB.76,77,186 It has been 
proposed that HBOT protects marginally 
viable brain (often termed “the ischemic 
penumbra”) from further damage on reper-
fusion through these mechanisms that act 
to regulate abnormal cellular metabo-
lites.187,188 Conversely, oxygen in high doses 
may increase oxidative stress through the 
production of oxygen free radical species 
and is potentially toxic.189 Indeed, the brain 
is particularly at risk.50 Furthermore, HBOT 
has effects on cerebral blood fl ow that may 
promote further neuronal damage, including 
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both reductions in CBF secondary to hyper-
oxic vasospasm and through an inverse 
steal phenomenon.190 For these reasons, it is 
appropriate to postulate that, in some stroke 
patients, HBOT may do more harm than 
good.

Evidence

The majority of animal studies support the use 
of HBOT and these were thoroughly exam-
ined by Helms and colleagues in 2005.191 The 
models used involve the permanent or tem-
porary occlusion of cerebral arteries using ties 
or intravascular fi laments, whereas the time to 
institution of HBOT in these animals varies 
from a few minutes to 24 hours (Table 21.9). 
In general, outcomes were improved with 
HBOT in both ischemia-reperfusion models 
and permanent occlusion models, with infarct 
size reductions being the most common out-
come estimated. Although there was a greater 
variability in results after permanent occlu-
sion, the benefi cial effect of HBOT after tem-
porary occlusions seemed to hold for delays to 
treatment of up to several hours in most of 
these studies. Nevertheless, some evidence ex-
ists of reduced benefi t with increasing delays 
to treatment192,193 and (disturbingly) worse 
outcomes with HBOT at 12-hour delay.193

Despite this generally encouraging animal 
evidence and 40 years of interest in the deliv-
ery of HBOT in stroke patients, little compara-
tive evidence of effectiveness existed before 
the 1990s. Most reports were of single or mul-
tiple cases, with the largest study being a se-
ries of 122 cases reported in 1980.194 A review 
of these studies calculated that more than half 
of the patients improved clinically or electro-
physiologically with HBOT and concluded 
there was a case for setting up controlled stud-
ies.190 Since 1991, three such RCTs have been 
reported in the literature, and these were 
recently included in a Cochrane review.195

Cochrane Review

The Cochrane review on acute ischemic 
stroke includes randomized trials enrolling 
patients with confi rmed acute ischemic stroke 
and using HBO as an adjunct to standard care. 

Outcomes on 106 patients, 52 in the HBOT 
group and 54 in the control group, are 
reported. Individual study characteristics are 
summarized in Table 21.10.

Signifi cant variations exist in the methodol-
ogy across these trials. Rusyniak (2003) and 
Nighoghossian (1995) enrolled patients within 
24 hours of stroke onset, whereas Anderson 
(1991) accepted patients up to 2 weeks later. 
Rusyniak delivered a single therapy session at 
2.5 ATA for 60 minutes, whereas both Nighog-
hossian and Anderson gave multiple treat-
ments at 1.5 ATA.

All these trials were small and had low 
power to detect useful clinical differences 
between groups. The extent and severity of 
defi cit on enrollment was poorly described 
and diffi cult to compare across trials given that 
all three used different neurologic and health 
status scales to establish baseline status.

All trials did, however, report death at be-
tween 3 and 6 months (Fig. 21.8). At that time, 
there were no signifi cant differences in mor-
tality (three deaths [6%] in those receiving 
HBOT vs. fi ve [10%] with sham therapy), and 
the RR of dying after receiving HBOT was 
0.61 (95% CI, 0.17–2.2; P � 0.45). No indica-
tion of signifi cant heterogeneity between tri-
als (I2 � 0%) was present.

Each of the three trials used functional scale 
scores, and a summary of these outcomes at 
fi nal follow-up is presented in Table 21.11. 
Anderson (1991) also reports that mean in-
farct volume was smaller in the control group 
at 4 months (29.0 vs. 49.2 cm3), but not sig-
nifi cantly so (MD, 20.2 cm3; 95% CI, �13.4 to 
53.8; P � 0.24).

Claustrophobia was a signifi cant problem 
in the monoplace vessels used in all trials for 
both arms. In the intensive therapy protocol 
used by Anderson (1991), for example, 39% of 
participants could not complete scheduled 
therapy.

Conclusions

The ischemic nature of the event, plus the 
majority of animal evidence, mean that a ratio-
nal case can be made for the use of HBOT for 
stroke. The animal and uncontrolled human 
data suggest early treatment is more likely to 
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Table 21.9 Summary of Animal Studies of Focal Cerebral Ischemia Where HBOT 
Was Compared with Normobaric Air or Oxygen

TRIAL, ANIMAL, AND VESSEL 
OCCLUDED TIME TO HBOT OXYGEN DOSE OUTCOME

Weinstein (1986),192 gerbil, 20-minute 
bilateral CCA

0 1.5 ATA for 15 minutes once Improved survival

Yang (2002),192a rat, 1-hour MCA 0 2.8 ATA for 15 minutes once Neuroprotection implied by 
reduced extracellular dopamine

Miljkovic-Lolic and colleagues (2003),74 

rat, 1-hour MCA
0 3 ATA for 1 hour once Reduced infarct volume, 

leukocyte infi ltrate, and 
myeloperoxidase

Sunami (2000),192b rat, permanent right 
MCA and right CCA 

10 minutes 3 ATA for 2 hours once Reduced infarct volume

Hjelde (2002),192c rat, permanent MCA* 10 minutes 2 ATA for 3 hours 50 minutes 
once

No difference in ischemic 
volume or myeloperoxidase

Veltkamp and colleagues (2000),81 rat, 
1-hour 15-minute MCA 

15 minutes 1.5 ATA for 1 hour or 2.0 ATA 
for 1 hour

Reduced infarct volume and 
better behaviorally with 2.5 ATA 
HBO

Burt (1987),192d gerbil, permanent CCA �30 minutes 1.5 ATA for 36 or 18 hours 
with long air breaks† once

Reduced chance of infarct with 
intermittent, shorter HBO

Reitan (1990),78 gerbil, permanent CCA 40 minutes 2.5 ATA for 2 or 4 hours† Improved survival
Veltkamp (2005),192e rat, 2-hour MCA 40 minutes 3.0 ATA for 1 hour once Reduced BBB permeability, 

smaller infarcts
Veltkamp and colleagues (2006),82 rat, 
2-hour MCA

45 minutes 3.0 ATA for 1 hour once Reduced evidence of ischemic 
biochemical degradation

Corkill (1985),192f gerbil, permanent CCA 1 hour 1 or 1.5 ATA for up to 1 
hour† once

More HBO reduced color density 
differences between sides

Gunther (2005),192g rat, permanent MCA 15 minutes to 
6 hours*

2.5 ATA for 90 minutes once 
or 4 times on day 1*

Early HBO reduced infarct size, 
late at 6 hours and 
repeated HBO did not*

Roos (1998),192h rat, 3–90-minute MCA* Not stated. Proba-
bly immediately 
after occlusion

2 ATA for 30 minutes once or 
daily for 4 days

No benefi t

Schäbitz (2004),79 rat, permanent MCA 2 hours 2 ATA for 1 hour once Reduced infarct volume and 
defi cit

Calvert (2006),192i rat, permanent CCA* 2 hours 2.5 ATA for 2 hours once vs. 
NBO control

No difference in the reduction of 
hypoxia inducible factor

Kawamura (1990),192j rat, 4-hour MCA 3 hours 2 ATA for 30 minutes once Reduced infarct volume and 
edema

Lou (2006),192k rat, 90-minute MCA 3 hours 3 ATA for 1 hour once Reduced infarct area and 
improved defi cit

Lou and colleagues (2004),193 rat, 
90-minute MCA and permanent MCA*

3, 6, and 12 
hours

3 ATA for 1 hour once Transient: improved outcome 
early, worse outcome late*

Permanent: worse outcome*
Weinstein and colleagues (1987),193a cat, 

6- and 24-hour* MCA
Variable up to 
6 hours

1.5 ATA 40 minutes once at 
6 or 24 hours†

Function improved and reduced 
infarct size with HBO up to 
3rd hour of 6-hour occlusion, 
but not 4th of 12-hour 
occlusion*

Badr and colleagues (2001),187 rat, 
2-hour MCA 

6 hours 3 ATA for 1 hour once Reduced biochemical evidence 
of ischemia

Yin (2005),193b rat, 2-hour MCA 6 or 24 hours 2.5 ATA 2 hours daily for 
6 days

Improved outcome at both times

Yin (2002),193c rat, 2-hour MCA 8 hours 3 ATA for 1 hour once Reduced infarct area
Yin (2003),193d rat, 2-hour MCA occlusion 8 hours 2.5 ATA for 2 hours once Reduced infarct area, neurologic 

scores and apoptosis

Ranked by interval from occlusion to institution of hyperbaric oxygen therapy (HBOT).
*No benefi t from HBOT found.
†Complex treatment schedules (see citation for details).
BBB, blood–brain barrier; CCA, common carotid artery; HBO, hyperbaric oxygen; MCA, middle cerebral artery; NBO, normobaric oxygen.
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Review: Hyperbaric oxygen therapy for acute ischemic stroke
Comparison: 01 Mortality
Outcome: 01 Death at 3 to 6 months

Study HBOT
n/N

Control
n/N

Relative Risk (Fixed)
95% CI

Weight
(%)

Relative Risk (Fixed) 
95% CI

Anderson 1991 2/20 2/19 36.6 0.95 [0.15, 6.08]

Nighoghossian 1995 0/17 1/17 26.7 0.33 [0.01, 7.65]

Rusyniak 2003 1/17 2/16 36.7 0.47 [0.05, 4.70]

Total (95% CI) 54 52 100.0 0.61 [0.17, 2.20]

Total events: 3 (HBOT), 5 (Control)
Test for heterogeneity: chi-square=0.41, df=2 (p=0.81), l2=0.0%
Test for overall effect: z=0.76 (p=0.4)

0.01 0.1 1 10 100
Favors HBOT Favors control

Figure 21.8 Forest plot of mortality at 3 to 6 months after ischemic stroke. CI, confi dence interval; 
SD, standard deviation. (From Bennett MH, Wasiak J, Schnabel A, et al: Hyperbaric oxygen therapy for 
acute ischaemic stroke. Chichester, United Kingdom, John Wiley & Sons, Ltd. Cochrane Database 
Syst Rev (3):CD004954, 2005. Copyright Cochrane Collaboration, reproduced with permission.)

Table 21.10 Characteristics of the Included Studies of HBOT for Acute Ischemic Stroke

STUDY METHODS SUBJECTS INTERVENTIONS OUTCOMES

Anderson 
(1991)195a

RCT stratifi ed for disease 
severity and blinded; powered 
to fi nd a 30% relative 
improvement in HBOT group 
with 45 subjects in each 
group (stopped early) 

39 adults with 
ischemic stroke 
within 2 weeks, 
greater than 
20 severity score 
out of 100; internal 
carotid territory

Neurologic intensive care
Control: sham at 1.5 ATA 
for 60 m within 6 hours 
and then every 8 hours 
to a total of 15 over 
5 days

HBOT: 100% oxygen as 
above

Neurologic examina-
tion at day 5, week 
6, year 1; infarct 
volume on CT scan 
at 4 months

Nighoghossian 
(1995)195b

RCT with sham therapy; 
17 allocated to each arm; 
7 subjects withdrawn

34 adults with stroke 
confi rmed with CT 
within 24 hours 
suggestive of middle 
cerebral artery 
occlusion and scoring 
less than 80 on the 
Orgogozo scale 
(100 is normal) 

Low-dose heparin and 
supportive care

Control: sham at 1.2 ATA 
daily for 40 minutes for 
10 days

HBOT: 100% oxygen at 
1.5 ATA on the same 
schedule

Neurologic examina-
tion on three scales: 
Orgogozo (100 to 0), 
Trouillas (0 to 10), 
and Rankin Disability 
scales; adverse 
effects of HBOT

Rusyniak 
(2003)195c

RCT stratifi ed by time to 
24 hours with allocation 
concealment and blinding of 
subjects and investigators 

33 adults with 
ischemic stroke 
presenting within 
24 hours of onset of 
neurologic defi cit; all 
subjects scored less 
than 23 points on 
the NIHSS

Control: sham at 1.14 
ATA for 60 minutes

HBOT: 100% oxygen at 
2.5 ATA on the same 
schedule as above

NIHSS at 24 hours 
and 90 days; Barthel 
Index, Rankin Scale, 
and Glasgow 
Outcome Scale at 
90 days; mortality; 
adverse effects

ATA, atmospheres absolute; CT, computed tomography; HBOT, hyperbaric oxygen therapy; NIHSS, National Institutes of Health Status Scale; RCT, randomized, 
controlled trial.
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produce benefi t, and that late treatment 
(around 24 hours) may be harmful. There is, 
however, no convincing evidence from RCTs 
that HBOT improves outcome. Pooled data do 
not suggest any signifi cant benefi t in mortality 
in the 6 months after presentation. Although 
there was some indication from one trial 
(Nighoghossian, 1995) for improvement in 
one disability scale (Trouillas) and one clinical 
descriptive scale (Orgogozo), these improve-
ments were not refl ected in other trials or 
functional scales and were present at 1 year 
but not 6 months after therapy was com-
pleted. There does not appear to be a plausi-
ble explanation for this apparent late effect. 
Furthermore, the analysis of these ordinal 
scales to produce mean scores for group com-
parisons may not be appropriate.196 One re-
view concludes that of nine stroke scales 
tested, the National Institutes of Health Stroke 
Scale was one of the three most reliable, 
whereas the Barthel Index was the most reli-
able disability scale.197

Little clinical data exist on which to base 
treatment recommendations. The routine use 
of HBOT in stroke patients cannot be justifi ed 
from the results of randomized trials at this 
time. However, given the small numbers of 
subjects in the trials included, we cannot be 

certain that a benefi t from HBOT has been 
excluded. Any further trials should be planned 
carefully to provide information on the effect 
of disease severity, the appropriate oxygen 
dose, and the timing of therapy.

Idiopathic Sudden Sensorineural 
Hearing Loss and Tinnitus

Idiopathic sudden sensorineural hearing loss 
(ISSHL) is an acute hearing impairment with 
an incidence of about 8 to 15 per 100,000 of 
the population per year.198 Although the cause 
and pathophysiology remain unclear,199 ISSHL 
is most commonly defi ned as a greater than 
30-dB sensorineural hearing loss occurring in 
at least three contiguous audiometric frequen-
cies over 72 hours or less.200 Tinnitus may be 
defi ned as the perception of sound in the 
absence of external acoustic stimulation. The 
incidence rate is probably about 10% to 20% 
of adults in the developed countries.201–202 

Brief episodes of tinnitus are probably normal, 
and clinically signifi cant tinnitus is usually 
defi ned by applying one of several classifi ca-
tion systems proposed.204,205

Because of the abrupt onset in many 
patients, a vascular cause for ISSHL has been 

Table 21.11 Summary of Functional and Activities of Daily Living Scales Used as Outcomes 
in the Randomized Controlled Trials of HBOT for Ischemic Stroke

FUNCTIONAL SCALE TRIALS CONTROL HBOT DIFFERENCE (95% CI) P

Mean neurologic score* (lower 
score � better outcome)

Anderson (1991): 1 year 25.8 31.4 5.6 (�15.1 to 26.2) 0.59

Mean Orgogozo Scale (higher score 
� better outcome)

Nighoghossian (1995): 
1 year

78.2 50.3 27.9 (4.0–51.8)† 0.02

Mean Trouillas Disability Scale 
(lower score � better outcome)

Nighoghossian (1995): 
1 year

4.1 6.3 2.2 (0.15–4.3)† 0.04

Mean Modifi ed Rankin Functional 
Assessment Scale (lower score � 
better outcome)

Nighoghossian (1995): 
1 year

2.4 3.0 0.6 (�0.18 to 1.4) 0.13

Number of participants to achieve 
a good outcome‡

Rusyniak (2003): 90 days 10.0 6.0 RR 1.8 (0.8–3.7) 0.13

Barthel Index: 95 or 100 (good 
outcome)

Rusyniak (2003): 90 days 9.0 8.0 RR 0.8 (0.43–1.6) 0.6

*Score designed specifi cally for Anderson (1991).195a

†Signifi cant differences.
‡Either National Institute of Health Stroke Scale � 2, Rankin Scale score � 2, or Glasgow Outcome Scale score � 5.
CI, confi dence interval; HBOT, hyperbaric oxygen therapy; RR, relative risk.
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great increase in plasma PO2 during HBOT 
promotes oxygen diffusion into the peri-
lymph, where the sensory apparatus (hair 
cells) is dependent on diffusion for oxygen-
ation. High tensions of oxygen may persist for 
some time after each treatment; perilymph 
PO2 has been reported at 58% greater than 
normal at 1 hour after removal from the hy-
peroxic environment.218

Evidence

Since the early 1970s, many patients have 
been reported in cohort studies comparing a 
wide range of both medical and hyperbaric 
treatment regimens. In his 1998 review, 
Lamm218 documents 50 clinical studies in-
volving more than 4000 patients who re-
ceived HBOT after unsuccessful medical ther-
apy. Many reports have been available only in 
German or Japanese.219 Those appearing in 
English are summarized in Table 21.12, 
together with several more recent studies 
examining the use of HBOT early after hear-
ing loss, generally in conjunction with phar-
macologic agents. Typically, these trials sug-
gest that after HBOT, a greater proportion of 
patients will have a signifi cant return of hear-
ing, and that mean hearing gains are also 
greater in the HBOT groups. Furthermore, it 
is strongly suggested that earlier therapy is 
more likely to succeed, although there is a 
likely bias from the high level of spontaneous 
improvement observed in these patients no 
matter which therapy is administered.

Much less work has been reported specifi -
cally for the treatment of tinnitus. Gul and co-
workers220 treated patients with acute-onset 
tinnitus and found a combined approach with 
intravenous polypharmacy and HBOT was less 
successful than pharmacology alone (80% vs. 
66% reported improvements). Tan and col-
leagues221 report mixed results using HBOT for 
the treatment of chronic tinnitus. Twenty per-
cent could not tolerate compression, where-
as 10% complained of worse tinnitus and 30% 
reported an improvement.

Since 1999 there have been six randomized 
clinical trials published in this area. Five have 
been included in a Cochrane review,222 whereas 

suggested,206 but other possibilities include 
viral infection, autoimmune disease, and 
inner-ear membrane rupture.201,207 Histologi-
cally, postmortem samples have shown atro-
phy of the cochlear and a loss of neurons, but 
fi ndings are quite variable.207 The cause of 
tinnitus is equally obscure, although it is often 
associated with ISSHL—up to 90% of patients 
with ISSHL also complain of tinnitus.208 The 
most widely discussed theories include exces-
sive or abnormal spontaneous activity in the 
auditory system and related cerebral areas209 
and abnormal signal processing with “feed-
back.”210,211

Therapy

Treatments for ISSHL are often aimed at im-
proving the oxygenation of the inner ear 
and include vasodilators, plasma expanders, 
steroids, anticoagulants, diuretics, and antivi-
rals. None has been proved of benefi t in 
large, randomized trials or meta-analyses. A 
Cochrane review concerning the use of ste-
roids was inconclusive,212 whereas another 
concerning the use of vasodilators has been 
withdrawn.213 Assessment of the effective-
ness of therapy is complicated by a high rate 
of spontaneous recovery, as much as 65% in 
some studies,214 and the variable periods for 
which hearing loss has been present before 
the institution of therapy. Specifi c therapies 
for tinnitus have tended to focus on the 
impact of the noise on quality of life and 
mood and include antidepressants anticon-
vulsants, and benzodiazepines or focus on 
trying to mask the noise itself with white 
noise generators. A variety of psychothera-
peutic and “habituation” programs is also 
advocated to help the sufferer deal with the 
problem.215 A Cochrane review of the use of 
Ginkgo biloba found no reliable evidence 
either way,216 whereas a review of antide-
pressants is under way.217

HBOT has been proposed since the late 
1960s to improve both ISSHL and tinnitus, 
based on the arguments that both hearing loss 
and tinnitus may result from a hypoxic event 
in the cochlear apparatus and that HBOT may 
be able to reverse that oxygen defi cit.218 The 
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the sixth is also included in a later summary of 
that review.223 The results and conclusions are 
summarized in the following section.

Cochrane Review

A comprehensive search of the literature for 
trials of HBOT for the treatment of either 
ISSHL or tinnitus produced 16 articles of inter-
est, of which 6 were accepted for inclusion into 
the formal review as relevant RCTs: Cavallazzi 
(1996),223g Fattori (2001),223h Schwab (1998),223i 

Hoffmann (1995; two studies),223j,223k and 
Topuz (2004).223l Five of these included pa-
tients with acute presentation of ISSHL with or 
without tinnitus, whereas one enrolled subjects 
with at least a 6-month history of ISSHL, tinni-
tus, or both (Hoffmann [1995 chronic] pro-
vided two trial reports, one on acute and one 
on chronic hearing loss). The total number of 
patients enrolled was 304, with 163 in the 
HBOT group and 141 in the control group. The 
characteristics of these trials are summarized in 
Table 21.13.

Table 21.12 Summary of Nonrandom Clinical Trials of the Use of HBOT for the Treatment 
of Acute Sudden Sensorineural Hearing Loss

TRIAL METHODOLOGY THERAPY OUTCOMES

Goto (1979)223a 91 patients with ISSHL Group 1 (21 patients): vasodilators, 
steroids, vitamin B

Group 2 (49): 2.4 ATA HBO for 
90 minutes on 20 occasions and 
stellate ganglion block

Group 3 (20): all of the above

Greater improvement with 
combined therapy within 
2 weeks of onset

Nakashima and 
colleagues (1998)219

Cohort of 692 patients with 
SSHL; 149 had HBOT added 
when not responding (within 
14 days of onset)

All patients: vitamin B complex, 
vasodilator and “metabolic activators”

HBOT: 2 ATA for 60 minutes, 
14–20 treatments

Some recovery after HBOT

Aslan (2002)223b 50 patients with sudden 
deafness

25 patients treated with betahistine, 
prednisone, and stellate ganglion 
block for 5 days

25 patients as above plus HBOT 
2.4 ATA for 90 minutes twice daily 
for 7 days, then daily for 6 days 
(20 treatments total)

Thresholds better with 
addition of HBOT

Sparacia (2003)223c 24 patients with SSHL 16 patients within 2 weeks compared 
with 8 patients 15–30 days; HBOT at 
2.2 ATA 120 minutes for 20–40 days

75% good recovery in fi rst 
group vs. no patient with 
good result in the second

Racic (2003)223d 115 patients with ISSHL with 
onset within 7 days

64 treated with intravenous pentoxifyl-
line 50–300 mg/day; 51 treated with 
HBOT 2.8 ATA for 60 minutes, twice 
daily for a maximum of 30 sessions

Greater mean gain in hearing 
with HBOT; differences 
persist for 9 months

Horn (2005)223e 9 patients with ISSHL after 
failure of 2 weeks of 
medical therapy

HBOT at 2 ATA for 90 minutes daily for 
10 days

3 patients responded with 
“dramatic improvements”

Satar (2006)223f 54 consecutive patients with 
ISSHL

17 medical therapy: complex, including 
anti-infl ammatory drugs, vitamin 
B complex, nicotinamide, steroid, 
vitamin C, etc., twice daily for 7 days 
(within 15 days of onset)

37 as above plus HBOT 2.5 ATA for 
90 minutes twice daily for 3 days and 
then 75 minutes daily for 2 weeks 
(within 5 days of onset)

No differences in recovery 
between groups

ATA, atmospheres absolute; HBO, hyperbaric oxygen; HBOT, hyperbaric oxygen therapy; ISSHL, idiopathic sudden sensorineural hearing loss; SSHL, sudden sen-
sorineural hearing loss.
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Inclusion criteria varied among the fi ve stud-
ies dealing with acute presentation. Hoffmann 
(1995 acute) accepted only patients who had 
not improved after 2 weeks of pharmacologic 
therapy, Fattori (2001) accepted patients 
untreated within 48 hours of hearing loss, 
whereas Schwab (1998) and Topuz (2004) 
accepted patients up to 2 weeks after hearing 
loss. Cavallazzi (1996) did not defi ne entry cri-
teria. Treatment pressure (1.5–2.5 ATA), time 
schedule (45–90 minutes), and number of ses-
sions (10–25 sessions) of HBOT differed some-

what among studies. Similarly, some variation 
existed in comparator therapies.

Statistical pooling was not possible for the 
majority of preplanned outcome measures 
because of lack of suitable data (Table 21.14). 
Cavallazzi (1996) and Fattori (2001) report on 
the proportion of subjects with better than 
50% improvement in hearing immediately 
after the course of therapy. Fifty-fi ve percent 
improved in the HBOT group versus 36% in 
the control group, but this difference is not 
statistically signifi cant (RR with HBOT: 1.53; 

Table 21.13  Characteristics of Studies Included in the Cochrane Review of HBOT 
for the Treatment of ISSHL or Tinnitus

STUDY METHODS PARTICIPANTS INTERVENTIONS OUTCOMES

Cavallazzi 
(1996)223g

Method of allocation not 
clear, no blinding

64 subjects with ISSHL, 
time course unknown; 
stratifi ed into mild, 
moderate, severe, and 
“deep”

Control: multidrug therapy: 
heparin, betamethasone, 
nicotinic acid, fl unarizine, 
antivirals, citidinephospho-
coline, dextran, and vitamins

HBOT: as above plus oxygen 
at 2.5 ATA for 60 minutes 
daily for 15 sessions over 3 
weeks

PTA recovery (%)

Fattori 
(2001)223h

Method of randomization 
not clear, no blinding

50 subjects with ISSHL 
referred within 48 hours; 
stratifi ed into mild, 
moderate, and severe.

Control: vasodilator therapy: 
10-day course intravenous 
200 mg/day bufl omedil

HBOT: oxygen at 2.2 ATA for 
90 minutes daily for 10 days

PTA recovery (%)
Mean PTA 
recovery (%)

Hoffmann 
(1995)223k

Method of randomization 
not clear, patients and 
assessors blinded

44 subjects with ISSHL 
for �6 months

Control: Air breathing at 
1.5 ATA for 45 minutes daily, 
5 days each week for 
3 weeks

HBOT: 100% oxygen on the 
same schedule as control 
subjects

Improved hearing 
(%)

Tinnitus (%)

Hoffmann 
(1995)223j

Method of randomization 
not clear, no blinding

20 subjects with ISSHL 
not improved after 
14 days of drug treat-
ment with hydroxyethyl 
starch, pentoxifylline, 
and cortisone

Control: no treatment
HBOT: oxygen at 1.5 ATA for 
45 minutes daily, 5 days 
each week for 2–4 weeks 
(10–20 sessions)

Mean PTA 
recovery (dB)

Tinnitus (%)

Schwab 
(1998)223i

Method of randomization 
not clear, no blinding

75 subjects with ISSHL 
seen within 2 weeks and 
without any prior therapy

Control: no treatment
HBOT: oxygen at 1.5 ATA for 
45 minutes daily, for 
2–4 weeks (10–20 sessions)

Mean PTA 
recovery (dB)

Tinnitus (0–10)

Topuz (2004) 223l Method of randomization 
not clear, no blinding

51 subjects with ISSHL 
seen within 2 weeks and 
without any prior therapy

Control: prednisone, 
Rheomacrodex, diazepam, 
and pentoxifylline

HBOT: as above plus oxygen 
at 2.5 ATA for 90 minutes to 
25 treatments in 3 weeks

Mean PTA 
recovery (dB)

ATA, atmospheres absolute; HBOT, hyperbaric oxygen therapy; ISSHL, idiopathic sudden sensorineural hearing loss; PTA, pure-tone average.
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95% CI, 0.85–2.78; P � 0.16). The same two 
trials reported the proportion of subjects 
with better than 25% improvement. In the 
HBOT group, 78% showed improvement com-
pared with 56% in the control group 
(RR, 1.39; 95% CI, 1.05–1.84; P � 0.02). 
Subgroup analysis did not suggest a different 
response for different grades of severity on 
enrollment. The absolute risk difference of 
22% represents an NNT to achieve 1 extra 
good outcome of 5 (95% CI, 3–20) (Fig. 21.9).

A statistically signifi cant improvement ex-
isted in pure-tone average thresholds with 
HBOT expressed as percentage improvement 
(Fattori, 2001; weighted MD, 37% in favor of 
HBOT; 95% CI, 22–53%; P � 0.001) and as 
mean improvement in hearing expressed as 
decibels (dB) (Hoffmann, 1995; Topuz, 2004; 
Schwab, 1998).

Only Schwab (1998) and Hoffmann (1995 
acute) (53 subjects) report on improvements 
in acute tinnitus. Although these trials report 
a greater mean improvement in tinnitus (using 

a visual analog scale between 0 and 10) in the 
HBOT arm than the control arm (3.1 and 0.4 
units, respectively), neither trial reports stan-
dard deviation around those means, making 
further analysis impossible. The single trial that 
enrolled patients with a chronic presentation 
did not suggest any statistically signifi cant dif-
ferences in recovery of hearing or tinnitus.

Conclusions

Despite the promising results of many of the 
uncontrolled trials and cohort studies, analysis 
of the randomized evidence found limited 
evidence that HBOT improves hearing when 
applied as an early treatment in ISSHL. Only 
6 trials with 304 participants were available 
for evaluation, and meta-analysis was not ap-
propriate or possible for a number of impor-
tant clinical outcomes. The trials are generally 
of moderate methodologic quality only, and 
both outcomes and methodology are poorly 
reported. Of particular concern is the high 

Table 21.14 Summary of Pooled Outcomes from RCTs of HBOT for ISSHL and Tinnitus

EFFICACY DATA

OUTCOME STUDIES RR OR WMD (95% CI) P NNT

ACUTE PRESENTATION

�50% return in hearing 
(proportion by PTA)

Cavallazzi (1996)223

Fattori (2001)223g
RR: 1.53 (0.85–2.78) 0.16

�25% return in hearing 
(proportion by PTA)

Cavallazzi
(1996)223

Fattori (2001)223g

RR: 1.39 (1.05–1.84)* 0.02 5 (3–20)

Mean improvement in PTA (%) Fattori (2001)223g WMD: 37.3 (21.75–52.85)* �0.0001
Mean hearing improvement (dB) Hoffmann 

(1995)223i

Schwab (1998)223h

Topuz (2004)223k

WMD (severe loss): 37.7 (22.9–
52.5)*

WMD (moderate): 19.3 (5.2–33.4)*
WMD (mild): 0.2 (�10.0 to 10.4)

�0.0001 (severe)
0.007 (moderate)
0.97 (severe)

Mean improvement in tinnitus 
score (0–10)

Schwab (1998)223h

Hoffmann 
(1995)223i

Improved 3.1 and 4.0 units more in 
HBOT, respectively

CHRONIC PRESENTATION

Some improvement in hearing 
(proportion) 

Hoffmann 
(1995)223j

RR: 0.64 (0.30–1.33) 0.23

Some improvement in tinnitus 
(proportion)

Hoffmann 
(1995)223j

RR: 0.44 (0.16–1.23) 0.12

*Signifi cant outcomes (statistical difference is assumed if the 95% confi dence interval [CI] does not include the value 1.0).
HBOT, hyperbaric oxygen therapy; ISSHL, idiopathic sudden sensorineural hearing loss; NNT, number needed to treat; PTA, pure-tone average; RCT, ran-

domized, controlled trial; RR, relative risk; WMD, weighted mean difference.
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Review: Hyperbaric oxygen idiopathic sudden sensorineural hearing loss and tinnitus
Comparison: 01 Acute presentation. Recovery of hearing as measured by audiometry
Outcome: 01 Greater than 50% return of hearing

Study HBOT
n/N

Control
n/N

Relative Risk (Random)
95% CI

Weight
(%)

Relative Risk (Random) 
95% CI

01 Mild hearing loss

Cavallazzi 1996 8/9 5/8 100.0 1.42 [0.79, 2.55]

Subtotal (95% CI) 9 8 100.0 1.42 [0.79, 2.55]

Total events: 8 (HBOT), 5 (Control)
Test for heterogeneity: not applicable
Test for overall effect z=1.18 p=0.2

02 Moderate hearing loss

Cavallazzi 1996 6/10 5/10 100.0 1.20 [0.54, 2.67]

Subtotal (95% CI) 10 10 100.0 1.20 [0.54, 2.67]

Total events: 6 (HBOT), 5 (Control)
Test for heterogeneity: not applicable
Test for overall effect z=0.45 p=0.7

03 Severe hearing loss

Cavallazzi 1996 4/15 3/12 100.0 1.07 [0.29, 3.88]

Subtotal (95% CI) 15 12 100.0 1.07 [0.29, 3.88]

Total events: 4 (HBOT), 3 (Control)
Test for heterogeneity: not applicable
Test for overall effect z=0.10 p=0.9

04 overall grades

Cavallazzi 1996 18/34 13/30 63.3 1.22 [0.73, 2.05]

Fattori 2001 17/30 5/20 36.7 2.27 [1.00, 5.15]

Subtotal (95% CI) 64 50 100.0 1.53 [0.85, 2.78]

Total events: 35 (HBOT), 18 (Control)
Test for heterogeneity chi-square=1.62 df=1 p=0.20 l2=38.2%
Test for overall effect z=1.4 p=0.2

0.1  0.2 0.5 1 2 5 10

Favors control Favors HBOTA
Figure 21.9 Forest plot of treatment effect for acute presentation of idiopathic sudden sensorineural hearing 
loss (ISSHL). Proportion of subjects attaining 50% (A) and 25% (B) improvement in pure-tone average (PTA) 
hearing loss at the completion of therapy with subgroup analysis by severity grade on enrollment. CI, confi dence 
interval; HBOT, hyperbaric oxygen therapy. (From Bennett MH, Kertesz T, Yeung P: Hyperbaric oxygen for 
idiopathic sudden sensorineural hearing loss and tinnitus. Chichester, United Kingdom, John Wiley 
& Sons, Ltd. Cochrane Database Syst Rev (1):CD004739, 2007. Copyright Cochrane Collaboration, 
reproduced with permission.)

rate of spontaneous recovery from ISSHL that 
may bias the results because of different entry 
times, as well as the nonblinded management 
decisions in all trials.

Given the available evidence, it is hard to 
justify the routine use of HBOT in these pa-
tients. There is certainly a case for large, ran-
domized trials of high methodologic rigor to 

defi ne the true extent of benefi t (if any) from 
the administration of HBOT. Specifi cally, more 
information is required on the subset of dis-
ease severity and time of presentation most 
likely to be associated with a benefi t from 
this therapy, the effect of differing oxygen 
dosage, and the effect of other therapies ad-
ministered simultaneously. Attention should 
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Review: Hyperbaric oxygen idiopathic sudden sensorineural hearing loss and tinnitus
Comparison: 01 Acute presentation. Recovery of hearing as measured by audiometry
Outcome: 01 Greater than 25% return of hearing

Study HBOT
n/N

Control
n/N

Relative Risk (Fixed)
95% CI

Weight
(%)

Relative Risk (Fixed) 
95% CI

01 Mild hearing loss

Cavallazzi 1996 9/9 6/8 100.0 1.33 [0.89, 1.99]

Subtotal (95% CI) 9 8 100.0 1.33 [0.89, 1.99]

Total events: 9 (HBOT), 6 (Control)
Test for heterogeneity: not applicable
Test for overall effect z=1.41 p=0.2

02 Moderate hearing loss

Cavallazzi 1996 8/10 6/10 100.0 1.33 [0.74, 2.41]

Subtotal (95% CI) 10 10 100.0 1.33 [0.74, 2.41]

Total events: 8 (HBOT), 6 (Control)
Test for heterogeneity: not applicable
Test for overall effect z=0.95 p=0.3

03  Severe hearing loss

Cavallazzi 1996 8/15 5/12 100.0 1.28 [0.56, 2.91]

Subtotal (95% CI) 15 12 100.0 1.28 [0.56, 2.91]

Total events: 8 (HBOT), 5 (Control)
Test for heterogeneity: not applicable
Test for overall effect z=0.59 p=0.6

04 Overall grades

Cavallazzi 1996 25/34 17/30 57.8 1.30 [0.89, 1.88]

Fattori 2001 25/30 11/20 42.2 1.52 [0.99, 2.32]

Subtotal (95% CI) 64 50 100.0 1.39 [1.05, 1.84]

Total events: 50 (HBOT), 28 (Control)
Test for heterogeneity chi-square=0.29 df=1 p=0.59 l2=0.0%
Test for overall effect z=2.30 p=0.2

0.1  0.2 0.5 1 2 5 10
Favors control Favors HBOTB

Figure 21.9, cont’d

be paid to the use of appropriate clinical 
outcomes designed to measure functional 
importance.

Athletic Soft-Tissue Injuries 
and Delayed-Onset Muscle Soreness

Soft-tissue injuries are common and range 
from minor abrasions and bruising to major 
disruption of tendons, ligaments, and mus-
cles. Although it is diffi cult to obtain accu-

rate estimates of the impact of soft-tissue in-
juries in isolation, injuries in general result in 
tens of millions of emergency department 
visits and cost hundreds of billions of health-
care dollars per annum in the United States 
alone.224 In a recent examination of high-
school athletic injuries in Ohio, the Centers 
for Disease Control and Prevention estimate 
the rate of injuries at 2.4 per 1000 athletes 
each year.225 Soft-tissue injuries are com-
monly associated with athletic activity, and 
they occur in both elite and recreational 
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Evidence

The fi rst clinical report of athletic injury 
treated with HBOT was published in 1993; it 
describes a 55% reduction in days lost to 
injury when Scottish soccer players suffering 
from a variety of injuries were treated with 
HBOT.238 Since then, a number of anecdotal 
reports in the nonmedical media suggest that 
the use of HBOT has become commonplace 
in some elite sporting clubs. An SR of the ran-
domized evidence has been published and 
the fi ndings of that review are summarized in 
the following section.239

Cochrane Review

Nine trials published in eight reports between 
1996 and 2003 were included in this review: 
Soolsma (1996),239a Borromeo (1997),239b Staples 
(1999),239c Mekjavic (2000),239d Harrison 
(2001),239e Webster (2002),239f Babul (2003),239g 

and Germain (2003).239h In total, these trials pres-
ent results for 197 participants, and details are 
presented in Table 21.15.

Two trials evaluate HBOT for treating acute 
soft-tissue injury. Borromeo (1997) enrolled 
individuals with acute ankle sprains present-
ing within 72 hours to an orthopedic surgeon, 
whereas Soolsma (1996) enrolled individuals 
with grade II medial collateral ligament inju-
ries in one knee who similarly presented 
within 72 hours. The other seven trials include 
young adult unconditioned volunteers who 
underwent exercise designed to produce 
DOMS under controlled conditions.

All authors administered HBOT between 
2.0 and 2.5 ATA, and the total number of indi-
vidual treatment sessions varied from 3 to 10. 
The mean time between injury and compres-
sion was 33 hours in Borromeo (1997) and 
74 hours in Soolsma (1996), whereas most 
DOMS trials administered oxygen or sham 
therapy within 4 hours of exercise.

The trials were generally of fair to high 
quality and reported data on the time to full 
functional recovery, the proportion returning 
to full function and three secondary outcomes 
of interest (functional assessments, pain and 
swelling, and muscle strength).

athletes. In both these groups, soft-tissue 
injuries may be associated with considerable 
loss of work and health costs.226 The causes 
of soft-tissue injuries are diverse and may 
involve acute traumatic impact, repetitive 
strain and overuse, or muscle injury induced 
by unaccustomed exercise.226a,227

Of particular interest to researchers is the 
phenomenon of delayed-onset muscle sore-
ness (DOMS). Familiar to most individuals 
at some time, this is the name given to the 
syndrome of pain, swelling, and stiffness in 
muscles in the days after a bout of unaccus-
tomed activity. One review confi rms that the 
mechanisms, treatment strategies, and impact 
on athletic performance remain uncertain.228 
Putative mechanisms include lactic acid ac-
cumulation, muscle spasms, connective tissue 
damage, infl ammation, and enzyme effl ux sec-
ondary to muscle cell damage. DOMS is fre-
quently used as an experimental soft-tissue 
injury in human research because it is both 
self-limiting and reliably reproduced in indi-
viduals unaccustomed to exercise.

Therapy

Accepted treatments for athletic soft-tissue 
injuries may be classifi ed broadly as rest; local 
measures to reduce edema (e.g., massage, 
cryotherapy, elevation); drug therapy (typi-
cally nonsteroidal anti-infl ammatory agents); 
stretching or further exercise (particularly for 
DOMS); surgical; and rehabilitative.228–230 The 
ultimate aim of treatment is to restore pain-
free function and enable the return to activity 
in the shortest time compatible with a low 
risk for reinjury. None of these interventions 
has been shown to clearly achieve these aims 
in the context of clinical trials, and some of 
the most commonly applied treatments have 
been thrown into question through SRs of the 
evidence.231–233

It has been suggested since 1982 that HBOT 
may accelerate injury recovery.234 HBOT has 
been shown in a number of injury models to 
reduce edema and preserve microcirculation 
through vasoconstriction with enhanced oxy-
gen delivery, a direct osmotic effect, and the 
inactivation of white cell adhesion.49,235–237
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Table 21.15  Characteristics of Randomized Trials Included in the Cochrane Review of HBOT 
for the Treatment of Soft-Tissue Injuries

STUDY METHODS SUBJECTS INTERVENTIONS OUTCOMES

Babul 
(2003)239g

Randomized and blinded; 
complex design

16 female healthy 
volunteers; provoca-
tive exercise of 
quadriceps muscle

HBOT: 2.0 ATA for 60 minutes at 4, 
24, 48, and 72 hours after injury

Control: sham at 1.2 ATA on air on 
the same schedule

Pain score, strength, 
swelling

Borromeo 
(1997)239b

Randomized and blinded; 
intention-to-treat analy-
sis239g

32 adults with lateral 
ankle sprain within 
72 hours 

Splint, crutches, NSAID, active 
ROM

HBOT: 2.0 ATA for 90 minutes, 
3 sessions over 7 days

Control: sham at 1.1 ATA on air for 
90 minutes, same schedule

Healed, time to 
healing, pain 
score, swelling

Germain 
(2003)239h

Randomized, not blinded; 
numbers in each arm 
assumed equal

16 healthy volunteers; 
provocative exercise 
of quadriceps 
muscle 

HBOT: 95% oxygen at 2.5 ATA for 
100 minutes at 1 and 6 hours, 
then 1 treatment the next day 
and 2 treatments on the next day 
separated by 6 hours

Control: no specifi c therapy

Pain score, strength, 
swelling

Harrison 
(2001)239e

Randomized, partial blind-
ing; complex experimen-
tal design; SD calculated 
from SEM

21 male healthy 
volunteers; provoca-
tive exercise of 
elbow fl exors

HBOT (2 groups):
(1) Immediate: 2.5 ATA for 100 
minutes; treatments immediately 
after injury and after 24, 48, 72, 
and 96 hours

(2) Delayed: immediate sham (on 
air at minimal pressure), then the 
same HBOT schedule as group 1.

Control: no specifi c therapy

Pain, strength, 
swelling

Mekjavic 
(2000)239d

Randomized, patient and 
statistician blind; 
intention-to-treat analy-
sis; results from graphs

24 male healthy 
volunteers; provoca-
tive exercise of 
elbow fl exors

HBOT: 60 minutes daily at 2.5 ATA
Control: 2.5 ATA, 8% oxygen for 
60 minutes), once daily

Pain, strength, 
swelling

Soolsma 
(1996)239a

Randomized and blinded; 
long delay to therapy; 
signifi cant losses to 
follow-up

19 adults with grade 
II injury to the 
medial collateral 
ligament of the knee

Regular icing, stretching, and 
strengthening exercise rehabilita-
tion program.

Within 96 hours:
HBOT: 2.0 ATA for 60 minutes, 
10 sessions over 2 weeks

Control: sham 1.2 ATA on air

Recovery index, 
pain, ROM, 
strength, swelling

Staples 
(1999a)239c*

Randomized and blinded; 
SD calculated from SEM; 
signifi cant losses to 
follow-up.

49 male healthy 
volunteers; provoca-
tive exercise of 
quadriceps muscle 

Phase 1
HBOT: (1) 2.0 ATA for 1 hour at 0, 
24, and 48 hours after exercise, 
followed by 2 sham treatments at 
72 and 96 hours; (2) sham at 0 
and 24 hours, followed by HBOT 
at 48, 72, and 96 hours

Control: (1) no specifi c interven-
tion; (2) sham at 1.2 ATA breath-
ing air at 0, 24, 48, 72, and 
96 hours

Pain score, strength

Staples 
(1999b)239c*

As Staples 1999a 30 male healthy vol-
unteers; as Staples 
1999a

Phase 2
HBOT: (1) as Staples 1999a; 
(2) same HBOT on 5 occasions 
at 0, 24, 48, 72, and 96 hours

Control: Sham as Staples 1999a

Pain score, strength

Webster 
(2002)239f

Randomized and blinded; 
results taken from graphs

12 male healthy vol-
unteers; provocative 
exercise of gastroc-
nemius

HBOT: 2.5 ATA for 60 minutes at 
3, 24, and 48 hours after injury

Control: sham at 1.3 ATA on air on 
the same schedule.

Pain score, strength, 
swelling

*Two trials reported in a single publication. 
ATA, atmospheres absolute; NSAID, nonsteroidal anti-infl ammatory drug; ROM, range of motion; SD, standard deviation; SEM, standard error of the mean.
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Participants entered into all the DOMS tri-
als were young healthy volunteers who were 
not conditioned athletes and who had not 
exercised vigorously before entry into the 
studies. All trials except Germain (2003) used 
blinding with sham therapy.

For acute ligament injury, Borromeo (1997) 
reports that all subjects with ankle sprain 
returned to preinjury activity, and that there 
was no signifi cant difference in the time 
taken to reach full recovery between treat-
ment groups (MD, 0.30 day in favor of 
HBOT; 95% CI, �3.08 to 3.68 days). Neither 
Borromeo (1997) nor Soolsma (1996) found 
any signifi cant differences between groups in 
the functional scores attained after therapy, 
although Borromeo (1997) did report a sig-
nifi cantly greater improvement in scores in 
the HBOT group compared with those in the 
control group (MD, 1.40; 95% CI, 0.15–2.65; 
P � 0.03). Because all participants recovered 
completely, the clinical signifi cance of this 
fi nding is unlikely to be great. Soolsma (1996) 
reports a reduction in pain for the HBOT 
group compared with control after 10 treat-
ments, but not after 5 treatments or at 
4 weeks of follow-up. There were no other 
reported differences in pain or swelling for 
either study of ligament injury.

For DOMS, most of the included trials 
assessed pain scores, swelling, and strength, 
although not all trials contributed data to all 
outcomes. In those trials that applied imme-
diate HBOT after exercise, no signifi cant 
differences in pain scores existed between 
the two groups at 24 hours or at end of 
treatment, but statistically signifi cant differ-
ences were in favor of the control group 
at 48 (MD, 0.88; 95% CI, 0.09–1.67) and 
72 hours (MD, 0.72; 95% CI, 0.06–1.37). 
These analyses are summarized in Figure 
21.10. Similarly, there were no signifi cant 
differences between groups in favor of 
HBOT at any time when HBOT was delayed 
for 24 hours, but at 72 hours, there were 
lower pain scores in the control group (MD, 
0.85; 95% CI, 0.06–1.64). No statistically sig-
nifi cant differences were present between 
the HBOT and control groups for any trial in 
regard to swelling or muscle strength.

Conclusions

In summary, despite some physiologic rationale 
and promising early reports, little good evi-
dence for benefi t from the use of HBOT for 
soft-tissue injuries or DOMS has been reported. 
The nine randomized trials in general report a 
uniform lack of benefi t for HBOT. Only two of 
these trials included actual injuries, so the data 
in this area are sparse. The concentration of 
these studies on a short-term, self-limiting injury 
with a 100% recovery rate (DOMS) demands a 
cautious interpretation of the results.

The routine use of HBOT in athletic inju-
ries cannot be justifi ed on the evidence avail-
able. Indeed, there seems little case for fur-
ther examination of the use of HBOT in 
DOMS. Although more information may be 
useful on a range of real clinical injuries, sub-
sets of injury severity, and time of presenta-
tion, any further investigations would need to 
be carefully justifi ed and any future trials 
would need to be carefully planned.

Thermal Burns

Thermal burns remain an important source of 
morbidity and mortality. In the United States, 
approximately 2 million people are burned 
each year, with about 155 individuals per mil-
lion requiring hospital admission in the United 
States and 6500 dying.240,241 Globally, there 
were 238,000 fi re-related deaths in 2000, with 
low- and middle-income countries bearing 
95% of the global burden. Annual mortality 
per 100,000 people is 1.3 in North America 
but 5.5 in Africa.242

Burns are a complex and evolving injury, 
with both local and systemic consequences—
the latter manifesting once the burn area is 
greater than about 20% of the body surface 
area.243 Locally, the burn wound tends to ex-
tend in the acute phase of the injury second-
ary to microvascular changes, profound acti-
vation of white cells and platelets, and the 
development of edema. Many small vessels are 
directly coagulated by the application of heat, 
whereas others will thrombose later.244 The 
systemic response to burning is characterized 

              



Figure 21.10 Forest plot for pain scores at all times after immediate application of hyperbaric oxygen therapy 
(HBOT) after exercise. There is no indication of a benefi t from HBOT at any time. CI, confi dence interval; 
DOMS, delayed-onset muscle soreness; SD, standard deviation. (From Bennett MH, Best TM, Babul S, et al: 
Hyperbaric oxygen therapy for delayed onset muscle soreness and closed soft tissue injury. 
Chichester, United Kingdom, John Wiley & Sons, Ltd. Cochrane Database Syst Rev (4):CD004713, 
2005. Copyright Cochrane Collaboration, reproduced with permission.)

Review: Hyperbaric oxygen therapy for delayed-onset muscle soreness and closed soft-tissue injury
Comparison: 02 Induced DOMS: HBOT versus control
Outcome: 01 Pain score (10=worst pain) after exercise (immediate treatment)

Study HBOT Control WMD (fi xed)
95% CI

Weight
(%)

WMD (fi xed)
95% CIN Mean (SD) N Mean (SD)

01 24 hours

Harrison 2001 5 5.96 (2.37) 6 5.19 (1.79) 9.9 0.77 [-1.75, 3.29]

Mekjavic 2000 12 4.42 (2.24) 12 3.51 (3.20) 12.9 0.91 [-1.30, 3.12]

Staples 1999a 9 4.84 (1.25) 18 4.62 (1.33) 60.4 0.22 [-0.80, 1.24]

Staples 1999b 20 3.81 (2.52) 10 3.78 (2.58) 16.7 0.03 [-1.91, 1.97]

Subtotal (95% CI) 46 46 100.0 0.33 [-0.46, 1.13]

Test for heterogeneity chi-squared=0.52 df=3 p=0.92 l2=0.0%
Test for overall effect z=0.82 p=0.4

02  48 hours

Harrison 2001 5 6.63 (2.58) 6 6.83 (2.36) 7.1 -0.20 [-3.15, 2.75]

Mekjavic 2000 12 6.77 (1.85) 12 5.56 (2.40) 21.0 1.21 [-0.50, 2.92]

Staples 1999a 9 4.84 (1.28) 18 3.86 (1.33) 57.3 0.98 [-0.06, 2.02]

Staples 1999b 20 3.50 (2.63) 10 2.96 (2.74) 14.6 0.54 [-1.51, 2.59]

Subtotal (95% CI) 46 46 100.0 0.88 [0.09, 1.67]

Test for heterogeneity chi-square=0.80 df=3 p=0.85 l2=0.0%
Test for overall effect z=2.20 p=0.03

03 72 hours

Harrison 2001 5 6.92 (2.15) 6 6.15 (2.12) 6.7 0.77 [-1.77, 3.31]

Mekjavic 2000 12 5.12 (2.38) 12 4.60 (2.24) 12.5 0.52 [-1.33, 2.37]

Staples 1999a 9 3.19 (1.09) 18 2.16 (1.13) 55.0 1.03 [0.15, 1.91]

Staples 1999b 20 1.56 (1.61) 10 1.42 (1.74) 25.8 0.14 [-1.15, 1.43]

Subtotal (95% CI) 46 46 100.0 0.72 [0.06, 1.37]

Test for heterogeneity chi-square=1.30 df=3 p=0.73 l2=0.0%
Test for overall effect z=2.15 p=0.03

04 Days 4 to 7

Harrison 2001 5 1.31 (0.65) 6 1.89 (0.85) 7.6 -0.58 [-1.47, 0.31]

Mekjavic 2000 12 0.60 (0.49) 12 0.51 (0.35) 51.6 0.09 [-0.25, 0.43]

Staples 1999a 9 1.36 (0.56) 18 1.29 (0.56) 29.8 0.07 [-0.38, 0.52]

Staples 1999b 20 0.62 (0.97) 10 0.71 (0.97) 11.0 -0.09 [-0.83, 0.65]

Subtotal (95% CI) 46 46 100.0 0.01 [-0.23, -0.26]

Test for heterogeneity chi-square=2.05 df=3 p=0.56 l2=0.0%
Test for overall effect z=0.11 p=0.0

-10.0 -5.0 0 5.0 10.0
Favors HBOT Favors control
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abstracts or proceedings and are diffi cult to 
locate, most have been summarized by Cianci 
and Sato.252 A short list with a summary of the 
fi ndings is presented in Table 21.16. In gen-
eral, these models have suggested that early 
institution of HBOT after thermal burns may 
result in reduced edema and fl uid resuscita-
tion requirements, improved preservation of 
dermal architecture, improved vascularity, and 
improved immune response. Some models 
did, however, suggest no benefi t or even 
poorer healing with the application of HBOT, 
and it is not clear which factors are important 
to ensure a positive outcome.

There have been relatively few clinical re-
ports of effectiveness for HBOT, however. An 
experimental model of burn injury suggested 
some reduction in hyperemia, exudate, and 
wound size, but no overall improvement in 
healing,119 whereas small, nonrandom, com-
parative trials have reported lower mortality 
and shorter hospital stays after HBOT in pa-
tients with signifi cant burns.253–255 In contrast, 
a comparative study of 72 matched patients 
suggests more renal failure and sepsis (although 
fewer grafts) in the HBOT group.256

Cochrane Review

In 2004, Villanueva and colleagues published 
a Cochrane review on the treatment of ther-
mal burns with HBOT.256a Their initial search 
produced 22 possible relevant articles, but 
examination of the full text of these articles 
identifi ed only 2 RCTs with relevant clinical 
outcomes: Brannen (1997)256b and Hart 
(1974).256c The characteristics of these trials 
are summarized in Table 21.17.

Both studies were considered to be of mod-
est methodologic quality. Hart (1974) uses a 
double-blind method and describes the ran-
domization method used (“sealed envelopes”), 
but enrolled only a small number of partici-
pants (low power). Brannen (1997) gives few 
details of the methodology used. Neither trial 
reports any losses to follow-up or withdrawals 
from treatment. Because of signifi cant hetero-
geneity in the patients enrolled in these two 
studies, as well as the incompatibility of the 
outcome measures used, data from the two 

by interstitial edema in distant organs, second-
ary to a combination of wound-released me-
diators and hypoproteinaemia.245,246

Therapy

Burns are a diffi cult treatment challenge and 
ideally the province of specialized units with 
high-volume workloads. Early treatment can 
positively infl uence mortality rate and involves 
appropriate fl uid resuscitation, usually involv-
ing attainment of resuscitation targets using 
consensus formulas for initial fl uid administra-
tion,243 together with topical agents to control 
pain, limit direct fl uid losses, and slow bacte-
rial growth. Over the past two decades, early 
closure of full-thickness wounds has improved 
the outcome from extensive burns through 
the prevention of wound colonization and in-
fection.243 Temporary skin substitutes are used 
widely on a similar rationale when formal clo-
sure is not an option.

It has been suggested since 1965 that HBOT 
may improve outcome after thermal burns 
when Wada247 serendipitously observed more 
rapid healing of second-degree burns in a 
group of coal miners who were being treated 
with HBOT for carbon monoxide poisoning. 
In 1970, Gruber and colleagues248 demon-
strated that the area subadjacent to a full-
thickness injury was hypoxic and could be 
raised to normal or supranormal levels through 
the administration of oxygen under pressure. 
Since then, HBOT has been shown to reduce 
edema and preserve microcirculation in a 
number of injury models, including burns, 
through vasoconstriction with enhanced oxy-
gen delivery, a direct osmotic effect, and the 
inactivation of white cell adhesion.49,235,237 
The preservation of microcirculation persists 
for some hours at least after hyperbaric oxy-
gen exposure249,250 and further exerts benefi -
cial effects on infections in hypoxic tissues 
through a variety of mechanisms.251

Evidence

A signifi cant body of experimental evidence 
exists using a variety of animal burn models. 
Although many of these are reported only in 
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studies could not be pooled and are described 
individually.

Brannen (1997) reports no difference in mor-
tality (seven patients [11%] in each group), 
whereas Hart (1974) does not report any mortal-
ity in his group. Neither study reports the rate of 
major morbidities such as wound infection. Bran-
nen (1997) reports no differences in the length 
of stay or the number of surgeries performed.

Hart (1974) reports that mean healing times 
were signifi cantly shorter in patients exposed 
to HBOT (mean: 19.7 vs. 43.8 days; P � 0.001), 
and that fl uid requirements were also smaller 
in the HBOT group (mean: 2.2 mL/kg vs. 
3.4 mL/kg; no statistical analysis reported). 
One of two grafts required in the sham group 
did not succeed, whereas all three required in 
the HBOT group succeeded (RR for failed graft 
without HBOT, 2.0; 95% CI, 0.5–8.0).

In summary, the review could include only 
data from two trials, and no meta-analysis could 

be performed for any outcome. The two trials 
included a modest total of only 141 patients, 
of which 125 were in Brannen’s trial (1997). 
Furthermore, the two trials were published 
23 years apart, and the comparator therapy is 
likely to have been signifi cantly different. The 
Hart (1974) trial was particularly constrained 
by a lack of power to detect useful clinical dif-
ferences, and the fi nding that HBOT was no 
more effective than placebo in regard to length 
of stay, mortality, or number of surgeries may 
have been erroneous for this reason alone.

Mean healing times were reported by Hart 
(1974) and showed promising results, with 
times being shorter in patients exposed to 
HBOT. However, no defi nition of “healing” was 
given, and no description was given as to the 
extent of wound size and depth at presentation. 
Acute fl uid requirements and other outcomes 
such as successful skin grafting were reported 
“better” in those receiving HBOT, but no formal 

Table 21.16 Summary of Animal Experimental Models of HBOT for Burn Injury

STUDY MODEL OUTCOME

Ketchum (1967)257a Rats Reduced healing time and infection with HBO
Bornside (1968)257b Rats: examining HBO combined with 

antibiotics vs. antibiotics alone
Unknown

Ikeda (1968)257c Rabbits Reduced edema with HBO
Ketchum (1970)257d Rats Increased microvascularity
Perrins (1970)257e Scalded pig No benefi t
Hartwig (1974)257f Unknown Increased microvascularity and reduced heal-

ing time, infl ammation with HBO
Wells (1977)257g Dogs with fl ame injury Reduced fl uid extravasation with HBO
Korn (1977)257h Guinea pig Improved epithelialization
Niccole (1977)257i Rats No advantage of HBO over SSD
Nylander (1984)257j Mice Reduction of edema with HBO
Saunders (1989)257k Unclear Improved microcirculation, dermal elements, 

and collagen quality
Stewart (1994)257l Unclear Improved dermal elements
Tenenhaus 
(1994)257m

Mice with 32% TBSA burns Reduction in bacterial colonies but increased 
mortality with HBO

Germonpre 
(1996)257n

Rats with 5% TBSA burn Improved preservation of basement mem-
brane and reduced leucocyte infi ltration 
with HBO

Shoshani (1998)257o Guinea pigs given deep burn Worse re-epithelialization with HBO
Akin (2002)257p Rats Reduced bacterial counts and translocation 

through intestinal wall with HBO
Bilic (2005)257q Rats given 20% TBSA deep burn Improved edema, neoangiogenesis, preserved 

dermal follicles, and epithelialization

HBO, hyperbaric oxygen; TBSA, total body surface area.
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analysis was made. Neither trial measured long-
term outcomes. In an accompanying analysis of 
a series of 191 patients treated at the author’s 
facility (138 with HBOT), Hart (1974) reports 
that the overall mortality rate for those treated 
with HBOT was 9% (less than predicted on the 
basis of a national series rate), and that 92 of 
138 patients also survived to undergo autograft-
ing, with an average of 1.35 grafts per patient.

Conclusions

Although there are some promising results 
from nonrandom clinical reports and one 
small RCT, insuffi cient evidence is available 
to support the routine use of HBOT for pa-
tients with thermal burns. Given that some 
centers use HBOT routinely, there is a case 
for further randomized trials of high meth-
odologic rigor to defi ne the true extent of 
benefi t from the administration of HBOT to 
patients with thermal burns. Specifi cally, 
more information is required on the subset 
of burn severity or size most likely to benefi t 
from this therapy and the oxygen dose most 
appropriate. Any future trials would need to 
consider appropriate sample sizes with 
power to detect expected differences and 
careful defi nition and selection of target pa-
tients.

Dysfertility

Infertility is a major health issue throughout 
the world. It is estimated that every sixth 
couple has a problem conceiving and needs 
assistance to achieve pregnancy.257 Many 
factors affect fertility and often no single 
causative factor can be identifi ed. Known 
prognostic indicators in the female include 
age, ovarian reserve, and past reproductive 
history, while the important factors in the 
male are the spermatozoa count and motil-
ity. Fertilization and successful endometrial 
implantation are only the fi rst of many steps 
required for a normal pregnancy and deliv-
ery. Congenital malformations, placental hy-
poxia, fetal hypoxia and other pregnancy 
disorders can result in threatened miscar-
riage. Spontaneous abortion occurs in around 
15% of pregnancies in the fi rst trimester.

In vitro fertilization (IVF) techniques in 
various forms are used to help infertile cou-
ples conceive their own biologic children. 
Despite many technologic advances in IVF, 
results are variable, and effective measures 
to promote fertilization, implantation, and 
gestation remain an active area of research. 
HBOT has been suggested as a possible means 
to improve the success rate of both “natural” 
and IVF pregnancies—particularly in Russia, 

Table 21.17  Characteristics of Randomized Trials Included in the Cochrane Review of HBOT 
for the Treatment of Burns

STUDY METHODS SUBJECTS INTERVENTIONS OUTCOMES

Hart 
(1974)256c

Randomized and 
blinded

16 (14 male) 
acutely burned 
patients with 
10–50% BSA; 
admitted within 24 
hours

Control: routine burn management 
with crystalloid titrated to CVP and 
urine output; colloids after 24 hours 
if required; dressing with SSD; sham 
therapy breathing air at a trivial 
pressure.

HBOT: 2 ATA for 90 minutes every 
8 hours on day 1, then twice daily 
until healed

Mortality, acute fl uid 
requirement, mean 
healing time and 
number of grafts

Brannen 
(1997)256b

Randomized, no 
blinding

125 (94 male) 
acutely burned 
patients; area not 
given; admitted 
within 24 hours

Control: routine burn management
HBOT: as above plus 2 ATA for 
90 minutes twice daily for a 
minimum of 5 days, maximum 
1 treatment per 1% BSA burnt.

Mortality, acute fl uid 
requirement, length 
of stay, number of 
operations

ATA, atmospheres absolute; BSA, body surface area; CVP, central venous pressure; HBOT, hyperbaric oxygen therapy; SSD, siver sulfadiazine.
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where a number of pregnancy-related condi-
tions are regarded as established indications 
for HBOT.258 In the Western sphere to date, 
there has been much less enthusiasm for 
HBOT in this area.

Pathophysiology

Angiogenesis, blood fl ow, and oxygen play an 
important role in many fertility processes. The 
evidence comes mainly from recent improve-
ments in ultrasound and Doppler techniques, 
particularly the development of transvaginal 
ultrasound probes.

Ovarian blood fl ow is known to increase in 
the preovulatory phase compared with the 
early follicular phase.259 Huey and cowork-
ers260 demonstrate that perifollicular blood 
fl ow can predict oocyte development compe-
tence in IVF, but they have also suggested that 
follicular PO2, PCo2, and pH were not predic-
tive of embryonic development. Van Blerkom 
and colleagues261 demonstrate the importance 
of oxygen in oocyte meiosis by associating 
reduced oxygen content in ovarian follicular 
fl uid with an increased rate of abnormalities 
in the organization of chromosomes on the 
metaphase spindle. Such abnormalities may 
result in segregation disorders and mosaicisms 
in the early embryo. Suffi cient oxygen there-
fore appears necessary for appropriate devel-
opment of the early embryo.

Despite many advances in IVF techniques, 
a large number of embryos do not implant for 
reasons that remain uncertain.257 One impor-
tant factor appears to be the quality of the 
endometrium. Good endometrial quality re-
lies on the anatomy of the cavum and uterus 
as a whole, optimal hormonal status, absence 
of endometrial waves, and good vasculariza-
tion and oxygenation. Many pharmacologic 
agents have been used in an attempt to 
improve blood supply to the uterus and sub-
endometrium, but there have been no con-
vincingly favorable results. One of the most 
important factors used to estimate endome-
trial quality is the endometrial thickness. If the 
endometrium is less than 7 mm thick at the 
time of ovulation, pregnancy is unlikely. 
However, if the thickness is more than 14 mm, 

implantation rates are reduced and miscar-
riage rates increased.262 Apart from simple 
thickness, it appears that the quality of tex-
ture and refl ectivity of the endometrium are 
important. A trilaminar rather than a bilaminar 
endometrium on ultrasound has been corre-
lated with increased pregnancy rates, whereas 
the absence of adequate capillary network in 
the subendometrium at the time of ovulation 
is incompatible with pregnancy.257,263

Evidence

Several Russian reports (only abstracts are 
available in English) associate benefi ts from 
HBOT for the treatment of dysfertility.264–266 
Zadoev and coauthors264 report that HBOT 
was able to improve spermatic morphology 
and functional characteristics in male individ-
uals with chronic prostatitis associated with 
infertility. Asribekova and researchers265 have 
analyzed hormone receptors in women with 
late habitual abortions. Reception of both pro-
gesterone and estrogen in the nuclei and es-
trogen binding in the endometrial cytosol was 
signifi cantly raised in a group of women with 
frequent miscarriages compared with healthy 
women. The hormone receptor ratio in the 
cytosol in the secretory phase was also in-
creased in the women with habitual late abor-
tions. Giving HBOT (no details of treatments 
given) to this group resulted in complete nor-
malization of sex hormone reception.

Evidence to support the use of HBOT in the 
Western literature is sparse. A pilot study by Van 
Voorhis259 focuses on a group of women with 
a poor prognosis for pregnancy through IVF 
techniques. Ten women older than 39 years, 
or aged 35 to 39 years with a history of a previ-
ous unsuccessful IVF attempt, were treated 
with daily HBOT (100% oxygen at 2.4 ATA for 
90 minutes) Monday to Friday from day 3 of 
the menstrual cycle until the day before 
oocyte retrieval (median number of treat-
ments, 9.5). All patients received the usual 
protocol and medications for IVF procedures 
at that institution. The study group was com-
pared with another eligible group of women 
unwilling to undergo HBOT, and fi nal out-
comes were also compared with results from 
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historical control subjects. Cycle cancellation 
rates for a poor ovarian response were high in 
all groups. In completed cycles, comparison 
with historical but not concurrent control sub-
jects suggested improved estrogen response, 
implantation, and pregnancy rates after HBOT. 
Comparison with concurrent control subjects 
showed a greater number of embryos from the 
IVF cycle and a greater level of vascular endo-
thelial growth factor in follicular fl uid. The au-
thors speculate that HBOT causes an increase 
in the level of vascular endothelial growth fac-
tor in follicular fl uid similar to the increase 
seen in hypoxic wounds treated with HBOT. 
Two women receiving HBOT and IVF became 
pregnant and delivered healthy infants (40%) 
compared with 3 of 13 women in the concur-
rent control group (43%). The conclusion of 
this small pilot study is that there was no evi-
dence of benefi t for HBOT on the chance of 
delivering a healthy infant.

A 2006 study by Mitrovic and coworkers257 
aimed to evaluate the effect of HBOT on the 
endometrium using transvaginal color Dop-
pler. Thirty-two women with unexplained in-
fertility were entered into the study over a 
3-year period. It is referred to as a randomized 
study; however, no details of randomization 
are provided. HBOT was given for 7 consecu-
tive days beginning with day 5 of the men-
strual cycle. Each treatment lasted 70 minutes 
at 2.3 ATA. Transvaginal Doppler sonography 
was conducted from day 8 until ovulation 
from 1 month before to 1 month after HBOT. 
A control group of patients received 100% 
oxygen at 1 ATA on the same schedule. All 
patients used only moderate stimulants of ovula-
tion and had never before used IVF techniques. 
Thickness of the endometrium measured at the 
time of ovulation was, on average, 11.1 mm in 
the cycle where HBOT was administered com-
pared with 7.7 mm in the cycle before HBOT. 
The endometrial thickness was similar to non-
HBOT cycles in the control group. In HBOT 
cycles, the desired sonographic quality was 
obtained in 84% of patients in the preovula-
tory phase compared with only 9% in cycles 
where HBOT was not given. Mapping of sub-
endothelial blood vessels in HBOT cycles 
demonstrated a low resistance compared with 

non-HBOT cycles. This was interpreted as a 
sign of the evolution of an intensive capillary 
network with low resistance as a result of 
angiogenesis.

It is interesting to refl ect that studies in 
wounds have indicated angiogenesis increases 
in a linear fashion through 20 HBOT sessions 
before a plateau is reached.267 The seven hyper-
baric exposures in Mitrovic and coworkers’257 
study might have been too few to expect sig-
nifi cant angiogenesis; nevertheless, signifi cant 
changes on transvaginal Doppler were noted. 
Mitrovic concluded that the application of 
HBOT results in both optimization of endome-
trial quality and adequate subendometrial vas-
cularization and oxygenation.

No randomized, controlled clinical studies 
of HBOT and IVF procedures have been re-
ported, but two case reports of successful 
pregnancies after IVF in association with 
HBOT have been published in English.263,268 
Leverment and colleagues263 report a case of 
secondary infertility in a 32-year-old woman 
who experienced development of endome-
trial scarring after a postpartum hemorrhage 
and uterine packing. She had fi ve unsuccessful 
IVF cycles and ultrasound had demonstrated 
an endometrial thickness of only 4 mm. 
The patient’s husband (a medical practitioner) 
proposed using HBOT to assist endometrial 
development. The patient received HBOT in 
the form of 10 daily treatments at 2.0 ATA for 
90 minutes from day 1 to 10 of the menstrual 
cycle. The usual estrogen-progesterone proto-
col was followed, and this time the patient 
received sildenafi l (a vasodilator) vaginally 
from days 3 to 15. Sildenafi l had been given 
orally for previous IVF attempts. Ultrasound on 
day 10 measured endometrial thickness as 
6 mm. Embryo transfer took place on day 
20 and a single pregnancy followed. A healthy 
infant was born by caesarean section.

Mitrovic and coworkers257 report a case of 
primary infertility in a 36-year-old woman 
who had previously received two unsuccess-
ful embryo transfers before undergoing HBOT. 
She received HBOT at 2.3 ATA for 70 minutes 
from day 5 of the cycle to day 13. Endometrial 
thickness was measured at 11 mm during the 
hyperbaric cycle with no mention of previous 
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under pressure. Scot Med J 3:346–350, 1958.

 19. Smith GD, Lawson D: The protective effect of inhala-
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in coronary arterial occlusion. Surg Gynecol Obstet 
112:320–322, 1962.

 20. Trapp WG, Creighton R: Experimental studies of 
increased atmospheric pressure on myocardial 
ischemia after coronary ligation. J Thorac Cardiovasc 
Surg 47:687–692, 1964.
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tigation into the infl uence of administration of oxygen 
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perfusion. J Cardiovasc Surg 4:521–525, 1963.
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infarct size reduction by the synergistic effect of hy-
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activator. Am Heart J 120:791–800, 1990.

 23. Robertson HF: The effect of hyperbaric oxygenation on 
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Hyperbaric oxygenation in the treatment of acute 
coronary artery embolization in dogs. J Lab Clin Med 
66:596–603, 1965.

 25. Whalen RE, Saltzman HA: Hyperbaric oxygenation 
in the treatment of acute myocardial infarction. Prog 
Cardiovasc Dis 10:575–583, 1968.

estimates. She had hormone therapy and 
received two embryos, resulting in two 
implanted gestational sacs. She delivered two 
healthy infants at 38 weeks’ gestation.

Conclusions

Some physiologic evidence exists that HBOT 
may be benefi cial for oocyte development in 
the follicular stage, as well as evidence that 
HBOT may benefi t endometrial proliferation 
and development for implantation. A small pi-
lot series found no improvement in the preg-
nancy rate by combining IVF and HBOT in a 
cohort of patients with a poor prognosis for 
pregnancy. Two case reports suggest HBOT 
was associated with successful pregnancy 
when used in combination with IVF. More 
work in this area is required before HBOT 
could be regarded as an established therapy in 
this area. A need exists for further elucidation 
of the basic science behind HBOT effects on 
the ovary and endometrium, as well as careful 
clinical investigation of effectiveness, includ-
ing further information on the optimal timing 
and dosage of HBOT. This is an exciting area 
for future researchers.
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of the patient’s instruction and training in 
middle ear clearing maneuvers; chamber com-
pression rate; and the patient’s posture in the 
chamber (sitting vs. lying down).

PATHOGENESIS OF EAR 
BAROTRAUMA

The structures of importance in the pathogen-
esis of ear barotrauma are the tympanic mem-
brane, eustachian tube (ET), middle ear cavity, 
and oval and round windows (Fig. 22.1).

Normally, the pressure in the middle ear is 
near ambient, which ensures free vibration of 
the tympanic membrane and effi cient transduc-
tion of sound energy to the middle and inner 
ears. Barotrauma is the damage to tissues caused 
by an inability to maintain near equivalence 
between middle ear and ambient pressures.

Because the middle ear is a closed, relatively 
noncollapsible, temperature-stable, mucosa-
lined bony cavity, its pressure is a direct func-
tion of the contained gas volume, changing 
only with gas transfer to or from the middle ear. 
Small fl uctuations in middle ear pressure gradi-
ents can be buffered by the limited mobility of 
the tympanic membrane. However, tympanic 
membrane displacement can fully compensate 
only for volume changes of up to 0.2 to 0.3 mL, 
and buffers negative pressures of up to about 
23 mm Hg in a middle ear having an average 

Effects 
of Pressure
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MIDDLE EAR BAROTRAUMA

Middle ear barotrauma is the most common 
complication of hyperbaric oxygen therapy 
(HBOT) with reported incidence rates of 2% 
to 82%.1–9 This large variability might be ex-
plained by differences in the criteria used for 
diagnosis (complaints of pain vs. otoscopic 
fi ndings); the characteristics of the treated 
population (young military personnel with 
scuba diving experience vs. patients with 
high risk for middle ear barotrauma); the level 
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volume of 10 mL.10 The main physiologic path-
ways for gas exchange between the middle ear 
and the external environment are gas diffusion 
through the mucosa and pressure equilibration 
via the ET (see Fig. 22.1). Gas exchange be-
tween the middle ear and mixed venous blood 
depends mainly on the slow diffusion of nitro-
gen at a rate of 0.0008 mm Hg/min.11 Although 
this mechanism is of importance under stable 
ambient pressure conditions, the slow rate of 
transmucosal gas exchange makes it irrelevant 
when large and rapid changes in ambient pres-
sure are encountered. In contrast, gas fl ow 
across the ET is a brisk, gradient-dependent, 
bolus exchange of gases between the naso-
pharynx and the tympanic cavity, and it is the 
main mechanism for middle ear pressure equil-
ibration during HBOT. The ET lumen is col-
lapsed under resting conditions and has to 
be forced open for middle earpressure equal-

ization to occur. According to Boyle’s Law, 
the volume of the tympanic cavity will in-
crease during decompression, exerting increas-
ing force on the ET. Passive opening of the tube 
will occur at middle ear-to-ambient overpres-
sures of 23 to 38 mm Hg.12 In contrast, when 
the ambient pressure increases during com-
pression, the increased nasopharyngeal pres-
sure and the mucosal surface tension keep the 
ET closed. Ear clearing would require voluntary 
contraction of the tensor veli palatine muscle 
or active maneuvers aiming to forcefully intro-
duce air via the ET.13 Active, pressure-driven ET 
opening occurs when the nasopharyngeal 
pressure is increased by Valsalva or Toynbee 
maneuvers or ET pressure can be reduced for 
some individuals by yawning or mandibular 
repositioning.

Patients with limited ability for active 
ET opening such as infants, children, sedated, 

Figure 22.1 Coronal illustration of the ear. (From Brodel M: Three Unpublished Drawings of the 
Anatomy of the Human Ear. Philadelphia, WB Saunders, 1946, by permission.)
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comatose, and ventilated patients or those 
with concurrent nasopharyngeal infl amma-
tion, caused by viral infection, allergy, or gas-
troesophageal refl ux, might not achieve effi -
cient middle ear pressure equilibration when 
the ambient pressure increases and thus suffer 
from ear barotrauma. It should be emphasized 
that active ET opening under terrestrial condi-
tions, as evident from tympanic membrane 
movement during the Valsalva maneuver, does 
not assure good ET ventilatory function dur-
ing chamber compression.14,15

Several factors explain the high vulnerability 
of the middle ear to barotrauma under hyper-
baric conditions. The rapid increase in ambi-
ent pressure during compression can overbur-
den the middle ear pressure–regulating ability 
if frequent active pressure equalization is not 
practiced. When the tissue pressure surround-
ing the ET lumen exceeds the maximal force 
exerted by active contraction of the tensor veli 
palatini muscle, “locking” of the tube takes 
place.16 This phenomenon occurs around un-
equalized pressure gradients of 90 mm Hg. 
Then, equalization can be accomplished only 
by introduction of air to the ET by a forceful 
Valsalva maneuver, which is associated with 
increased risk for inner ear barotrauma. Hyper-
baric chamber tests have shown that higher 
pressures are required for active equalization 
with increasing rates of pressure change.17 
Increasing the ambient pressure leads to an 
increase in tympanic cavity mucosal volume, 
resulting in reduced patency of the ET.18 In 
the monoplace chamber, patients lie down 
throughout treatment, and acute cases in the 
multiplace chamber are usually treated while 
recumbent. The supine position results in in-
creased central venous pressure and leads to 
venous congestion and greater diffi culty in ear 
clearing.14 Increased middle ear and systemic 
oxygen partial pressures, such as those en-
countered during HBOT, cause negative middle 
ear pressure and serous fl uid transudation.19,20 
This refl ects down-regulation of ET ventilatory 
function21,22 and is not secondary merely to 
middle ear oxygen absorption.23 Failure of the 
middle ear pressure regulation mechanism is 
explained by the vulnerability of the middle 
ear chemoreceptor tissue to hyperoxia,24 

similar to that described for the carotid body.25 
This tissue is an essential sensory component 
of the neural feedback circuits that control the 
ET function.26

Inner ear barotrauma is also related to mid-
dle ear pressure equalization diffi culties. In-
creased intracranial pressure resulting from 
forceful efforts to equalize pressure might be 
transmitted to the inner ear mainly through the 
cochlear aqueduct.27,28 Alternatively, successful 
opening of the ET when a signifi cant under-
pressure exists in the middle ear might cause a 
brisk lateral displacement of the ossicular 
chain, resulting in inward movement of the 
round window membrane with a perilym-
phatic fl uid wave directed toward the scala 
vestibuli.29 These forces may cause rupture of 
Reissner’s membrane, the basilar membrane, 
and a labyrinthine window fi stula with conse-
quent impairment of inner ear function.30,31 
Further damage might be caused by gas bub-
bles introduced through a perilymph fi stula to 
the scala tympani and scala vestibuli that ex-
pand during decompression.32,33 Whereas mid-
dle ear barotrauma is frequent among divers 
and patients undergoing HBOT, inner ear baro-
trauma seldom follows27,34,35 and has never 
been described in a clinical hyperbaric patient, 
although it might be underreported.36 Detach-
ment of the tectorial membrane of the organ of 
Corti, outer hair cell edema and broken stereo-
cilia, and perilymphatic hemorrhage have been 
reported in the guinea pig after repeated hy-
perbaric exposures to 3 to 5 atmospheres abso-
lute (ATA) in a protocol that did not produce 
any signs of decompression sickness in the 
animals.37 However, this hyperbaric-induced 
cochlear degeneration has not been substanti-
ated to date by any human study.15

CLINICAL PRESENTATION 
OF MIDDLE EAR BAROTRAUMA

If pressure equalization fails during com-
pression, the developing pressure gradient 
causes maximal extension of the tympanic 
membrane with stretching and tearing of its 
structural elements. Tympanic membrane 
retraction is followed by focal hemorrhages, 
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middle ear mucosal swelling, capillary dilata-
tion, transudate leakage, hemotympanum, 
and fi nally, inward rupture of the tympanic 
membrane.38 When tympanic membrane 
perforation takes place, it mostly occurs in 
the anterior part of the pars tensa area 
where mobility is maximal and the propor-
tion of elastic fi bers is minimal.39,40 Larger 
ruptures are associated with lower tensile 
strength of the tympanic membrane. The 
median pressure gradient resulting in tym-
panic membrane perforation is 1.2 ATA 
for subjects 50 to 90 years old39 and 1.6 to 
1.7 ATA for the younger population.16 The 
critical pressure gradient for tympanic mem-
brane rupture to occur is inversely corre-
lated with the patient’s age and might reach 
0.5 ATA in older adults.39 This is due to 
decreased vascularity and cellularity of the 
tympanic membrane decreasing its elastic-
ity.40 Also, atrophic scars or myringosclerosis 
foci that reduce the drum tensile strength 
are associated with increased risk for perfo-
ration at pressure gradients of only 0.3 to 
0.8 ATA.39

When the pressure gradient across the tym-
panic membrane exceeds 60 mm Hg, most pa-
tients will experience various degrees of pain, 
a pressure sensation, and possibly a hearing 
loss.41 Although symptoms can vary among 
patients, the diagnosis and severity classifi ca-
tion of middle ear barotrauma are based on 
otoscopy fi ndings. Middle ear barotrauma was 
fi rst classifi ed by Teed,42 then later modifi ed by 
MacFie43 and also Edmonds and colleagues.38 
The modifi ed Teed’s scale includes six severity 
categories from normal examination in the 
face of subjective reports of ear pain or fullness 

(grade 0) to the presence of tympanic mem-
brane rupture (grade 5) (Table 22.1). Although 
the use of middle ear barotrauma severity clas-
sifi cation may standardize medical communica-
tion, it does not have any advantage over the 
detailed description of otoscopic fi ndings.

PREVENTION OF MIDDLE 
EAR BAROTRAUMA

Meticulous teaching and training of the pa-
tient in various pressure equalization tech-
niques and emphasizing the importance of 
frequent autoinfl ation, particularly during the 
early stages of chamber compression when 
maximal volume changes occur, can prevent 
middle ear barotrauma. It is no less important 
to establish good communication and agreed-
on signs between the chamber attendant and 
patients so that compression can be halted 
immediately on the appearance of the fi rst 
symptoms of evolving ear barotrauma.

The Frenzel maneuver is aimed at the 
active contraction of the tensor veli palatini 
muscle and accessory pharyngeal muscles, 
which open the ET. It is performed by pinch-
ing the nose, closing the glottis, and keeping 
the mouth closed while moving the jaw for-
ward and down and pushing the tongue 
against the soft palate to force air through the 
ET. Valsalva maneuver is used when active 
contraction of the pharyngeal muscles fails to 
clear the ears. Air is introduced to the ET by 
forceful expiration while keeping the glottis 
and mouth closed and pinching the nose.

A slower chamber compression rate is re-
lated to a lower incidence of middle ear baro-
trauma.5,7 In general, the compression rate 
should be matched to the patient’s ability to 
achieve effi cient middle ear pressure equaliza-
tion on the one hand and the medical need to 
reach the treatment pressure in a timely fash-
ion on the other hand.

Patients at high risk for ET failure should be 
identifi ed so that preventive measures can be 
taken before the commencement of HBOT. 
Active ET opening is a voluntary process that 
requires collaboration, anatomic ability to build a 
positive nasopharyngeal pressure gradient, and 

Table 22.1 Modifi ed Teed’s Classifi cation 
of Middle Ear Barotrauma

GRADE FINDINGS ON OTOSCOPY

0 Normal examination
1 Tympanic membrane injection or retraction
2 Slightly hemorrhagic tympanic membrane
3 Grossly hemorrhagic tympanic membrane
4 Hemotympanum
5 Tympanic membrane perforation
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skill in the performance of the required maneu-
ver. These prerequisites are compromised in 
the sedated, comatose, ventilated patients, and 
those having a tracheotomy.36,44 The pediatric 
and elderly patient might not cooperate or 
have the ability to perform autoinfl ation. 
Greater risk for ear barotrauma was also re-
ported for patients suffering from radionecro-
sis of the head and neck region in whom 
ET dysfunction is probably related to radiation 
effects.4,45 Whereas inability to perform middle 
ear autoinfl ation before the commencement of 
HBOT marks high risk for the evolution of 
middle ear barotrauma during treatment,15,44 
successful bedside autoinfl ation does not 
assure successful ET ventilatory function under 
hyperbaric condition.14 About 37% of patients 
demonstrating autoinfl ation before HBOT as 
evidenced by lateral movement of the tym-
panic membrane during otoscopy still sus-
tained middle ear barotrauma.15 Moreover, the 
results of laboratory ET function tests are 
inconsistent when it comes to predicting 
hyperbaric-related barotrauma. Tympanometry 
refl ects middle ear compliance at a specifi c 
instant, and normal results do not assure 
uneventful middle ear clearing during com-
pression.14,46 Findings on the pretreatment 
nine-step infl ation/defl ation test showed no 
correlation to future occurrence of middle ear 
barotrauma,9 and the swallow test was of no 
practical value.47 Yet abnormal sonotubometry 
(sound transmission via the ET as detected by 
microphone placed in the external auditory 
canal) and tubotympano-aerodynamography 
(the wave pattern of tympanic membrane 
impedance in response to changes in nasopha-
ryngeal pressure) values were suggested to 
predict the occurrence of middle ear baro-
trauma among patients given HBOT.48 Mastoid 
pneumatization has previously been suggested 
as an important factor in middle ear pressure 
regulation. The fi ndings of two studies that re-
ported signifi cant correlation between middle 
ear barotrauma and mastoid area were contra-
dictory. Less mastoid pneumatization was found 
among sport divers who were prone to middle 
ear barotrauma.49 In contrast, signifi cantly 
larger areas of the mastoids were documented 
among commercial airline passengers who had 

experienced middle ear barotrauma.50 Two 
further studies related to hyperbaric chamber 
operation found no correlation between mas-
toid pneumatization and the occurrence of 
middle ear barotrauma.6,51

Concurrent infl ammation caused by viral in-
fection, allergy, or gastroesophageal refl ux might 
compromise ET ventilatory function because of 
nasopharyngeal congestion at the ET orifi ce.8 
The value of decongestants in preventing mid-
dle ear barotrauma has not yet been defi nitively 
established. The topical decongestant oxy-
metazoline taken 15 minutes before chamber 
compression did not alter subjective or objec-
tive barotrauma during HBOT.52 Yet 60 to 
120 mg oral pseudoephedrine predive and pre-
fl ight taken 30 minutes before the exposure to 
changing ambient pressure signifi cantly de-
creased the incidence and severity of middle 
ear barotrauma.53,54 Also, several clinical series 
have suggested topical and systemic deconges-
tants as a measure to lower middle ear compli-
cations associated with HBOT.9,55,56 When mid-
dle ear clearing cannot be achieved by the 
various pressure-equalizing techniques, autoin-
fl ation by a nasal balloon (Otovent; Abigo Med-
ical AB, Askim, Sweden) has been reported to 
be effective in preventing barotrauma during 
fl ights.57 The balloon is held airtight to one nos-
tril, the opposite nostril compressed, and the 
mouth closed, and at the same time the subject 
infl ates the balloon through the nose. This 
method was recommended for the prevention 
of fl ight-associated middle ear barotrauma but 
has not yet been studied under hyperbaric 
chamber conditions. Pressure equalizing ear-
plugs have recently been advertised to prevent 
middle ear barotrauma during fl ying (EarPlanes, 
JetEars, FliteMates, QuietEars, among others)58,59 
and diving (Doc’s ProPlugs).58 The theoretical 
rationale of this device is that delayed air move-
ment into the external ear canal will allow 
more time for pressure equalization in the 
middle ear via the ET. The application of pres-
sure-equalizing earplugs during a simulated 
fl ight did not prevent middle ear barotrauma 
among the study subjects, and higher grades of 
barotrauma by Teed’s classifi cation were found 
in the study group.59 Although no study cur-
rently has been conducted to investigate the 
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potential advantage of these earplugs during 
HBOT,  it is unlikely that any benefi t would be 
found because of the signifi cantly larger and 
faster ambient pressure changes during com-
pression in the hyperbaric chamber when com-
pared with a commercial fl ight.

The middle ear and ET are rich in surfac-
tant serving as a surface tension–lowering 
and antiadhesive agent. Lowering the surface 
tension by rinsing the ET with synthetic sur-
factant or using nebulized or aerosolized 
surfactant has led to reduced opening pres-
sure of the tube and better aeration of the 
middle ear in several animal models of secre-
tory and purulent otitis media.60 A single 
study that has evaluated the role of natural 
and artifi cial ET surfactant in the treatment 
of altitude-induced barotrauma in the guinea 
pig found rapid resolution of barotrauma 
while treating the animals with both kinds of 
surfactant.61 Although of theoretical value, 
no current evidence proves that surfactant 
might prevent middle ear barotrauma in 
humans under hyperbaric conditions.

Vitamins C and E applied as free radical 
scavengers in divers breathing 100% oxygen 
did not prevent the hyperoxia-induced ET 
ventilatory function impairment62 and are 
probably of no value in preventing middle ear 
barotrauma in the chamber.

TREATMENT OF MIDDLE 
EAR BAROTRAUMA

Most cases of middle ear barotrauma occur 
only once and resolve spontaneously if the 
patient is not further exposed to hyperbaric 
conditions for several days.3 If HBOT must 
be resumed earlier, myringotomy or inser-
tion of ventilation tubes will assure middle 
ear clearing and prevent additional baro-
trauma. In the case of tympanic membrane 
perforation, the patient should avoid water 
from entering the middle ear because this 
will predispose to infection and may delay 
healing. In more than 90% of noninfected 
ears, spontaneous healing of the rupture will 
occur within 3 months.32 Surgical interven-
tion is recommended only if spontaneous 

closure of the perforation has not occurred 
within 6 months or in the uncommon case 
of cholesteatoma associated with a large, 
unhealed perforation or that developing 
behind a closed tympanic membrane sec-
ondary to seeding of the tympanic cavity 
with squamous epithelium from the rup-
tured ear drum.63

MYRINGOTOMY 
AND MYRINGOSTOMY

The need for myringotomy (incising the tym-
panic membrane) or myringostomy (incising 
the tympanic membrane and insertion of ven-
tilation tubes) was reported in various clinical 
series in 2.2% to 48% of the patients treated 
with HBOT.4,7,9,46,57,58,65,66 The greatest inter-
vention rate of 61% was reported among 
patients with an artifi cial airway.44

Myringotomy or myringostomy tube place-
ment should be considered in two groups of 
patients: (1) patients defi nitely unable to auto-
infl ate because of lack of cooperation or 
possibly the presence of a tracheostomy or 
endotracheal tube (in these cases, bilateral in-
tervention may be required), and (2) patients 
who suffer increasing pain and have otoscopic 
evidence of barotrauma that does not improve 
after receiving decongestants. If HBOT cannot 
be deferred for several days until middle ear 
barotrauma resolves, myringotomy or ventila-
tion tube insertion is indicated in the involved 
side (Figs. 22.2 and 22.3).

The decision whether to perform knife, 
thermal, or laser myringotomy or to place 
ventilation tubes is dependent on the spe-
cifi c circumstances. If barotrauma is encoun-
tered during HBOT for a life-threatening 
condition, urgent in-chamber knife myrin-
gotomy may be indicated. For elective inter-
vention, the method for middle ear ventila-
tion is chosen according to the anticipated 
length of HBOT, available equipment, and 
surgical expertise. Knife myringotomy is 
the simplest procedure and is performed 
by widely available instruments. However, 
the tympanic membrane incision heals in 
several days and revision may be required. 
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Myringotomy tube placement requires a sur-
gical microscope, whereas thermal and laser 
myringotomy necessitate additional specifi c 
equipment.65–68 Placement of myringostomy 
tubes is generally well tolerated. Complica-
tions include otorrhea in 5% to 20% of cases 
and persistent tympanic membrane perfora-
tions in less than 5%.69,70 Higher complica-
tion rates after tube placement were re-
ported among patients given HBOT, with 
otorrhea developing in 29% and persistent 
perforation in 26%.56 The high-risk charac-
teristics of the patient population, such as 
impaired tympanic perforation healing and 

tendency to acquire infections in patients 
with diabetes, ET dysfunction, and increased 
rate of chronic otitis media with effusion in 
patients undergoing head and neck irradia-
tion, might explain this observation. The 
greatest complication rate was observed 
when the tubes were left for spontaneous 
extrusion to take place after the termination 
of HBOT; therefore, active removal of the 
tubes was recommended at the end of 
HBOT.56,67 Advocates of electrocautery (ther-
mal) and laser myringotomy report lesser 
complication rates when compared with in-
sertion of ventilation tubes with satisfactory 
middle ear aeration for several weeks and no 
need for an additional surgical procedure for 
tube removal at the end of HBOT.65–68 Ther-
mal myringotomy was associated with an 
otorrhea rate of 4%. Most perforations were 
patent at the fi fth postoperative week, but 
15% failed to close by 6 months.68 CO2 laser 
myringotomy was less painful and had sig-
nifi cantly lower incidence of otorrhea (6%) 
compared with ventilation tube placement 
(38%).67 Laser myringotomy is probably 
suitable for patients receiving HBOT for sev-
eral weeks only because the tympanic mem-
branes are usually closed within 3 weeks,65,66 
and recurrence of middle ear barotrauma 
because of tympanic membrane healing was 
reported in 25% of patients receiving HBOT 
for an average of 4 weeks.67

Figure 22.2 Coronal section illustration of 
the right ear with myringotomy tube in place. 
(From Coker NJ, Jenkins HA [eds]: 
Myringotomy and Tympanostomy Tube 
Placement. Atlas of Otologic Surgery. 
Philadelphia, WB Saunders, 2001, 
p 103, by permission.)

Figure 22.3 Left tympanic membrane with myringotomy tube 
in the anteroinferior quadrant. (See Color Plate 29.)
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MYRINGOTOMY TECHNIQUE

When an urgent myringotomy is required and 
any delay in the commencement of chamber 
compression, even for minutes, might result in 
a life-threatening situation, a myringotomy can 
be performed with no anesthesia by the HBOT 
practitioner. Under this circumstance, intrave-
nous sedation is a valid option depending on 
the patient’s general condition and need for 
in-chamber neurologic evaluation to monitor 
the response to HBOT.

Myringotomy Incision

Sterilization of the tympanic membrane and 
external auditory canal before the procedure 
is not required. An angled myringotomy knife 
should be used to make the incision. If a myr-
ingotomy knife is not available, a simple sub-
stitute is a 25- or 22-gauge disposable spinal 
needle, which may be angled as needed.

The tympanic membrane is divided into 
virtual quadrants. A vertical axis, determined 
by the malleus handle, designates the 12- and 
6-o’clock positions on the tympanic ring and 
divides the tympanic membrane into anterior 
and posterior halves. A horizontal line through 
the umbo divides it into superior and inferior 
halves (Fig. 22.4).

Myringotomy is preferably performed in 
the anterior-inferior quadrant of the tympanic 
membrane to avoid the middle ear ossicles, 
ligaments, horizontal segment of the facial 
nerve, and round window. However, in cases 
with an obstructing bulge in the anterior 
bony external ear canal, it may also be per-
formed inferiorly or in the posteroinferior 
quadrant. The myringotomy should always be 
placed in healthy areas of the tympanic mem-
brane because incisions in atrophic areas or 
through tympanosclerotic plaques may not 
heal, leaving permanent perforations.71

Either a radial or a circumferential incision 
may be used.73 If urgent in-chamber myrin-
gotomy is indicated, a simple full-thickness 
puncture of the tympanic membrane will 
suffi ce for immediate middle ear pressure 

equalization. Because the tympanic membrane 
is often retracted, it is advisable to keep the 
incision peripheral, a few millimeters from 
the tympanic membrane annulus, to avoid the 
knife from impinging the medial bony wall of 
the tympanic cavity.

Ototopical antibiotic drops can be consid-
ered in the immediate postoperative period in 
an effort to reduce the risk for otorrhea, particu-
larly when there is a mucoid effusion present 
during myringotomy.73 The patient should be 
instructed to avoid water from entering the ear 
for as long as the myringotomy is patent because 
water entering the ear would increase the risk 
for middle ear infection and resulting otorrhea.

PARANASAL SINUS BAROTRAUMA

The paranasal sinuses consist of bony cavities 
lined by mucosa. Sinus aeration is achieved via 
ostia openings to the nasal cavity at the middle 
and upper meatuses. The mucosa-coated bony 
canals that communicate the sinuses with the 

12

9
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6

Figure 22.4 The tympanic membrane is divided into quadrants. 
A vertical axis, determined by the malleus handle, designates the 
12- and 6-o’clock positions on the tympanic ring; the 90-degree 
horizontal axis delineates the 3- and 9-o’clock sites. The incus and 
stapes are located underneath the posterosuperior quadrant, and 
the round window is beneath the posteroinferior quadrant. (From 
Coker NJ, Jenkins HA [eds]: Myringotomy and Tympanos-
tomy Tube Placement. Atlas of Otologic Surgery. Philadel-
phia, WB Saunders, 2001, p 100, by permission.)
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nasal cavity are permanently patent and 
pressure equalization is completely passive dur-
ing both compression and decompression 
(Fig. 22.5). If the free passage of air in and out 
of the sinuses is compromised by anatomic 
variations such as deviation of the nasal septum, 
concha bullosa or other narrowing of the sinus 
openings, the presence of polyps, and acute or 
chronic infl ammation of the nasal or sinus 
mucosa, sinus barotrauma may occur. When the 
sinus orifi ce is blocked during chamber com-
pression, mucosal edema, fl uid transudation, 
capillary tears, submucosal hemorrhage, and 
eventually hemorrhage into the sinus cavity 
may occur. During decompression, the in-
creased air volume may exert high enough 
pressure to overcome the obstruction of the 
sinus duct and blood may fl ow out of the sinus 
cavity to the nose. Occasionally, sinus baro-
trauma will occur during decompression when 
infl amed tissue or viscous secretion blocks the 
sinus cavity in a ball-valve mechanism.

The reported incidence of sinus baro-
trauma is much lower than that of middle ear 

barotrauma.3 Most sinus barotrauma occurs 
during compression and involves the frontal 
sinus. This is explained by the long and tortu-
ous route of the nasofrontal duct through the 
anterior ethmoidal labyrinth, which makes it 
highly vulnerable to infl ammatory reactions 
that often affect this area. The cardinal symp-
toms are headache, facial and malar pain lo-
calized to the frontal or maxillary sinuses, and 
bleeding from the nose after decompres-
sion.74,75 Neurologic symptoms may affect 
the adjacent fi fth cranial nerve, especially the 
infraorbital nerve.76–78

Rare sequelae of sinus barotrauma were 
reported in diving and air travel including 
orbital emphysema, cerebral empyema, pneu-
mocephalus, and blindness.79–82 Abnormal 
radiologic signs are found most commonly 
when imaging the maxillary sinuses. These 
include mucosal thickening and occasional 
fl uid–air levels.

Symptoms are usually resolved by the use of 
topical decongestants and secretolytic agents. 
Antibiotics are indicated only if the barotrauma 

Frontal sinus

Frontal recess

Ethmoid sinus

Maxillary
sinus Maxillary

sinus
ostium

Uncinate
process

Semilunar
hiatus

Middle meatus

Middle
turbinate

Ethmoid bulla

Infundibulum

Figure 22.5 Coronal scheme of the 
paranasal sinuses demonstrating the natural 
aeration/drainage passages. (Based on 
Gustafson RO, Kern EB: Offi ce endo-
scopy—when, why, what and how. 
Otolaryngol Clin North Am 22:683–689, 
1989, by permission.)
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is complicated by secondary acute sinusitis, 
and they are not indicated prophylactically.75 If 
recurrent sinus barotrauma is encountered, 
nasal endoscopy and high-resolution axial com-
puted tomography of the sinuses are indicated 
for the diagnosis of possible surgically treatable 
anatomic abnormalities.83,84 Minimal surgical 
intervention applying functional endoscopic 
techniques85 aiming at the improvement of 
sinus drainage at the ethmoidal infundibulum 
and the frontal recess (see Fig. 22.5) has proved 
to be successful in several case series of recur-
rent sinus barotrauma in aviators.84,86,87

BARODONTALGIA 
AND ODONTOCREXIS

Barodontalgia refers to dental pain resulting 
from environmental pressure changes, and 
odontocrexis is the physical disruption of 
teeth during compression or decompres-
sion.88,89 It may occur after expansion of gas 
within or near a defective tooth. Defects in-
clude cavities, incomplete root fi llings, devital-
ized pulp, and periapical cysts. Restored teeth 
are more likely to be involved.88 Pain usually 
involves the posterior maxillary teeth and re-
sults from compromised blood supply to the 
tooth, direct pressure on exposed nerve end-
ings, and microleakage of tooth restoration 
materials.88,90 Barodontalgia and odontocrexis 
have been reported in aircrew and divers82,88 
but not among patients who received HBOT.

SPECIAL CONSIDERATIONS

Cochlear Implants

The benefi ts of cochlear implant use have 
been well documented, with continuing evi-
dence that implantation at an earlier age in-
creases performance in regard to speech de-
velopment. As more people of all age groups 
receive cochlear implants, potential hyper-
baric exposure of the device will become 
more common. Cochlear implant systems 
consist of a subcutaneous receiver/stimulator 
unit, an electrode array implanted into the 

cochlea, and an external antenna and speech 
processor. Although the external hardware 
can be removed, the effects of the rapidly 
changing ambient pressure on the implanted 
components are unavoidable. Commercially 
available cochlear implants have a housing 
made of either medical-grade ceramics or tita-
nium that is hermetically sealed to prevent 
device failure from exposure of internal com-
ponents to the corrosive effects of body fl u-
ids. In a recent study, the functioning of the 
receiver/stimulator, housing, and hermetic 
seals of the Clarion 1.2 (Advanced Bionics 
Corp., Sylmar, Calif), MED-EL Combi-40� 
(MED-EL Corp., Innsbruck, Austria), and Nu-
cleus-22 and Nucleus-24 (Cochlear Corp., 
Lane Cove, New South Wales, Australia) co-
chlear implants were not affected by repeated 
hyperbaric exposures from 2.4 to 6 ATA with 
compression rates of 10 to 82.5 feet/min and 
decompression rates of 5 to 20 feet/min.91 
Additional anecdotal case studies have re-
ported proper functioning of cochlear im-
plants after HBOT and diving.92,93 Despite the 
above-mentioned reports, it is recommended 
that the cochlear implant manufacturer be 
consulted before the commencement of 
HBOT to acquire specifi c instructions for the 
cochlear implant system in question to en-
sure patient safety, avoid device malfunction, 
and maintain the manufacturer’s warranty.

Stapedectomy

Since Shea94 successfully replaced an otoscle-
rotic stapes with a polyethylene tube for the 
fi rst time in 1956, stapedectomy has been fre-
quently performed using a variety of surgical 
techniques and different designs of prosthesis 
as an effective procedure for improving con-
ductive hearing loss caused by otosclerosis.

Poststapedectomy patients have two po-
tential problems when exposed to the hyper-
baric environment. The fi rst problem is lateral 
dislodgment of the stapes prosthesis with re-
turn of conductive hearing loss on the one 
hand, or inward movement with damage to 
the underlying labyrinthine membranes caus-
ing vertigo and sensorineural hearing loss on 
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the other hand. The placement of a stapedial 
prosthesis eliminates the resistance of the 
stapes annular ligament, and changes in the 
ambient pressure, which induce displacement 
of the tympanic membrane, can now freely 
move the prosthesis as a piston in and out of 
the vestibule. It has been suggested that if the 
patient can tolerate external ear canal pres-
sure changes of ± 400 mm H2O, which can be 
applied by a clinical tympanometer, without 
vertigo, he or she may be safely exposed to 
hyperbaric conditions.95

The second problem is increased rate of 
inner ear barotrauma because of the inherent 
risk for perilymph fi stula after stapedectomy 
with incidence rates of 3.2% to 10%,96–98 and 
the reported association between ear baro-
trauma and perilymph fi stula.27,29–31,35 A survey 
of practicing otologic surgeons in the United 
States showed lack of consensus regarding 
poststapedectomy restrictions of diving and 
air travel and revealed no signifi cant differ-
ences in the rate of inner ear barotrauma 
regardless of the surgical technique used and 
postoperative restrictions imposed.99 In a 
recent survey of 2222 patients who had stape-
dectomy, 22 reported recreational scuba ac-
tivities and 9 were engaged in skydiving. 
No signifi cant diving-related long-term effects 
indicative of labyrinthine injury were seen in 
any of the patients.100 Other studies reported 
no occurrence of inner ear barotrauma in 
poststapedectomy military aircrew members 
who have returned to active fl ight duty101,102 
and subjects who resumed diving activity after 
stapedectomy.58 The results of these studies 
are supported by animal models that found no 
increased risk for inner ear insults in guinea 
pigs, cats, and monkeys exposed to hyperbaric 
pressure after stapedectomy.103–105

Practicing otologists’ recommendations re-
garding the period after stapedectomy in 
which the patient should avoid large changes 
in ambient pressure ranged from 2 days to 
6 months.99 A balanced recommendation 
would be to avoid exposure to hyperbaric 
conditions 4 weeks after stapes surgery. This 
time interval would allow the safe adherence 
and maturation of the connective tissue pieces 
that are often placed under and around the 

stapes prosthesis in the oval window as a seal 
to prevent a perilymphatic leak and to attenu-
ate extreme vertical movements of the pros-
thesis. During HBOT, the poststapedectomy 
patient should be followed carefully and 
treated for the earliest sign of ET dysfunction. 
The presence of a stapes prosthesis is not a 
contraindication for placement of myringot-
omy tubes.106

Tympanoplasty and Ossicular 
Prostheses

Patients having tympanoplasty because of a 
previous tympanic membrane perforation 
present increased risk for recurrent ear drum 
rupture during HBOT because of reduced 
thickness and elasticity of the tympanic mem-
brane. Tympanic membranes that have been 
reconstructed with cartilage pieces and not 
merely by fascia were reported to better resist 
extreme barometric changes.107

Special caution should be practiced in a 
patient with total ossicular replacement pros-
theses. Penetration of the stapes footplate by 
the prosthesis and consequent inner ear dam-
age have been reported secondary to changes 
in ambient pressure.108
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DEFINITION OF OXYGEN TOLERANCE IN 
HUMANS

Unit Pulmonary Toxic Dose Concept
Defi nition of Neurologic Oxygen 

Tolerance
Limitations of Oxygen Tolerance 

Predictions
MODIFICATION OF OXYGEN TOLERANCE

Extension of Oxygen Tolerance
Optimization of Oxygen Tolerance 

Extension by Intermittent Exposure

Oxygen Toxicity
James M. Clark, MD, PhD

23

CHAPTER OUTLINE
PATHOLOGIC EFFECTS OF OXYGEN TOXICITY
MECHANISMS OF OXIDANT DAMAGE AND 

ANTIOXIDANT DEFENSES
FREE RADICALS AND OTHER REACTIVE 

SPECIES
FREE RADICAL INTERACTIONS WITH PLASMA 

MEMBRANES
Lipid Peroxidation
Metabolism of Arachidonic Acid
Protein Damage by Free Radicals

ANTIOXIDANT DEFENSES
CLINICAL MANIFESTATIONS OF OXYGEN 

POISONING
NEUROLOGIC EFFECTS OF OXYGEN TOXICITY

Carbon Dioxide Effects on Neurologic 
Oxygen Tolerance

Effects of Hyperoxia on Cerebral Blood 
Flow

Hyperoxia-Nitric Oxide Interacting Effects 
on Cerebral Blood Flow

Rate of Development of Neurologic 
Oxygen Poisoning

EFFECTS OF OXYGEN TOXICITY ON THE EYE
Retinopathy of Prematurity
Effects on Peripheral Vision
Effects on Retinal Electrical Activity
Oxygen Effects on the Lens of the Eye

PULMONARY EFFECTS OF OXYGEN TOXICITY
Effects on Pulmonary Function
Rate of Development of Pulmonary 

Oxygen Poisoning
Rate of Recovery from Pulmonary 

Oxygen Poisoning
Possible Interactions of Neurologic and 

Pulmonary Effects of Oxygen Toxicity

Therapeutic applications of hyperbaric oxy-
genation, as is true for many therapeutic 
agents and procedures, have an intrinsic po-
tential for producing mild-to-severe adverse 
effects. When hyperbaric oxygen therapy 
(HBOT) is used appropriately, however, seri-
ous adverse effects are rare,1 and those that 
do occur are nearly always reversible.2 The 
existence of potent antioxidant defense mech-
anisms and repair processes provide a favor-
able risk-to-benefi t ratio by slowing the devel-
opment of oxygen poisoning and hastening 
recovery from its subclinical effects.3,4 Studies 
designed to determine human limits of oxy-
gen tolerance for therapeutic applications of 
hyperoxia must necessarily use exposure con-
ditions that produce measurable toxic effects 
in human volunteers. It is important to recog-
nize that therapeutic exposures seldom, if 
ever, approach these limits.

During exposure to any level of hyperoxia, 
the sequence and severity of adverse effects in 
different organs and tissues are determined by 
interactions between the relative susceptibili-
ties of the tissues and the local oxygen partial 
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pressures to which they are exposed. At each 
local site, the oxygen tension is, in turn, depen-
dent on the balance that exists among factors 
such as the arterial partial pressure of oxygen 
(PaO2

), capillary density, blood fl ow, and tissue 
metabolic rate. Because these factors are 
diverse throughout the body, specifi c organs 
and tissues are exposed to a range of oxygen 
tensions during oxygen breathing at any ambi-
ent pressure (Fig. 23.1).5,6 Although PaO2

 levels 
are expected to be uniform in all circulatory 
beds, capillary and venous levels can vary 
widely, especially at oxygen pressures that are 
high enough to provide metabolic needs from 
physically dissolved oxygen with little or no 
reduction of oxyhemoglobin.

PATHOLOGIC EFFECTS 
OF OXYGEN TOXICITY

The diversity and progression of toxic effects 
caused by extreme to lethal degrees of oxygen 
exposure are summarized in Figure 23.2.5,7 
The severity of oxygen poisoning increases 
progressively with increase of the inspired 
partial pressure of oxygen (Po2) and with 
greater duration of exposure. In rats exposed 
to lethal degrees of pulmonary oxygen poison-
ing, pathologic effects include destruction of 
capillary endothelium and alveolar epithelium, 
alveolar cell hyperplasia, edema, hemorrhage, 
arteriolar thickening and hyalinization, fi brin 
formation, atelectasis, consolidation, severe im-
pairment of gas exchange, hypoxemia, and 
death.8,9 Manifestations of central nervous sys-
tem (CNS) oxygen poisoning include effects 
ranging from localized muscle twitching to 
tonic-clonic generalized seizures. With contin-
ued exposure past the onset of these signs, 
progressive neural destruction, paralysis, and 
death may occur.5,10 Effects of lethal exposures 
on the eye include retinal separation, destruc-
tion of visual cells, and blindness.11,12 Other 
effects include erythrocyte hemolysis,13,14 re-
nal damage,15,16 and myocardial pathology.17 
Effects on the liver18,19 and endocrine or-
gans20,21 may also occur. Thet22 has described 
in detail the nature and time courses of 
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Figure 23.1 Range of oxygen pressure in different organs 
and tissues during oxygen breathing at 3.5 atmospheres 
absolute (ATA) (352 kPa). The curve for brain represents 
average measurements of arterial and internal jugular venous 
blood partial pressure of oxygen (Po2) in 16 conscious men.6 
Venous values and capillary Po2 changes for other organs and 
tissues are calculated from measured arterial values and 
tabulated values of tissue oxygen consumption and blood fl ow 
in humans. Even within an organ or tissue, inequalities of 
metabolic rate and blood fl ow should cause local differences 
in Po2. Cells near the arterial end of a capillary are exposed to 
much greater Po2 levels than other cells near the venous end. 
Pathologic states and drug effects on circulation or 
metabolism should be expected to alter the patterns shown 
here. (From Lambertsen CJ: Effects of oxygen at high 
partial pressure. In: Fenn WO, Rahn H [eds]: 
Handbook of Physiology, Section 3: Respiration, Vol II. 
Washington, DC, American Physiological Society, 
1965, pp 1027–1046; and Lambertsen CJ: Effects of 
hyperoxia on organs and their tissues. In: Robin ED 
[ed]: Extrapulmonary Manifestations of Respiratory 
Disease. Lung Biology in Health and Disease, Vol 8. 
New York, Marcel Dekker, 1978, pp 239–303, by 
permission.)
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biochemical and morphologic changes that 
occur during recovery from pulmonary oxy-
gen poisoning. Balentine23 has written an ex-
cellent, comprehensive review of pathologic 
effects caused by oxygen poisoning in specifi c 
organs and tissues.

MECHANISMS OF OXIDANT DAMAGE 
AND ANTIOXIDANT DEFENSES

Detailed descriptions of potential biochemical 
mechanisms of oxidant damage and opposing 
antioxidant defenses, as provided previously,2 
are beyond the scope of this chapter. Available 
information and generally accepted interpreta-
tions are described briefl y.

FREE RADICALS AND OTHER 
REACTIVE SPECIES

Gerschman and coworkers24,25 fi rst proposed 
that increased concentrations of free radical 
intermediates during exposure to hyperoxia 
provided a biochemical basis for oxygen tox-
icity. Adverse effects are initiated when oxy-
gen is reduced by one electron to form super-
oxide and/or by two electrons to form 
hydrogen peroxide.3,26 The superoxide anion 
is a by-product of cellular metabolism, and its 
rate of formation is accelerated by increased 

oxygen pressures.27 Superoxide is produced 
at both the ubiquinone and reduced nicotin-
amide adenine dinucleotide sites on the elec-
tron transport chain.3,28,29 Additional sources 
are the endoplasmic reticulum and micro-
somes.30 Other toxic species that may be 
generated by reactions with superoxide in-
clude hydroperoxy and hydroxyl radicals and 
singlet oxygen.31 It is generally agreed that the 
secondary generation of more reactive inter-
mediates, rather than direct interactions with 
superoxide and hydrogen peroxide, accounts 
for most of the oxidant damage to cellular 
components and membranes that occurs dur-
ing exposure to hyperoxia.29

Sharing many biophysical characteristics 
with oxygen, nitric oxide (·NO) is another 
physiologic gas that provides an important 
source of free radicals. Both gases have para-
magnetic properties, similar solubility in bio-
logical fl uids, and an ability to diffuse freely 
across cell membranes. At a rate that is nearly 
diffusion limited, ·NO reacts with superoxide 
to produce the powerful oxidant peroxyni-
trite.32 Much of the peroxynitrite formed in 
vivo reacts rapidly with carbon dioxide to 
produce a nitrocarbonate intermediate that is 
an effi cient nitrating agent.33 This reaction 
also produces intermediates that can affect 
other tissues in secondary reactions.34

Activated neutrophils can release into the 
extracellular environment a variety of reactive 
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Figure 23.2 Diversity and progression of toxic effects produced by exposure to increased oxygen pressures. 
(From Clark JM: The toxicity of oxygen. Am Rev Resp Dis 110:40–50, 1974, extending a concept 
used by Lambertsen CJ: Effects of oxygen at high partial pressure. In: Fenn WO, Rahn H [eds]: 
Handbook of Physiology, Section 3: Respiration, Vol II. Washington, DC, American Physiological 
Society, 1965, pp 1027–1046, by permission.)
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species including superoxide, hydrogen perox-
ide, hydroxyl radical, hypochlorous acid, and 
peroxynitrite.29,35–37 The extracellular location 
of these species may make them less suscepti-
ble to opposition by intracellular antioxidant 
defenses.29,37 In animals exposed to oxygen at 
1.0 atmosphere absolute (ATA; 101 kPa), early 
observations in rats that neutrophil accumula-
tion in the pulmonary vasculature and lung 
interstitium37–40 was associated with rapid ex-
acerbation of pulmonary damage40 and, con-
versely, that pulmonary pathology in rabbits 
was decreased by prior systemic depletion of 
neutrophils35 were interpreted as an indication 
that neutrophil activation was a primary causal 
factor in the pulmonary toxicity of oxygen.41 
However, subsequent studies have confi rmed 
that, although neutrophil-derived oxygen radi-
cals can increase the severity of pulmonary 
oxygen poisoning, they are not required for its 
development.29,40

FREE RADICAL INTERACTIONS 
WITH PLASMA MEMBRANES

Free radical interactions with plasma mem-
branes can produce many types of damage 
with a variety of functional consequences 
(Fig. 23.3). The actions of membrane-bound 
enzymes can produce additional toxic radi-
cals and other biologically active products. 

Free radical damage to membranes can occur 
as lipid peroxidation, amino acid oxidation, 
protein strand scission, and various cross-
linking reactions among lipids and proteins. 
Peroxidation of membrane unsaturated fatty 
acids, structural protein oxidation, and inacti-
vation of membrane-bound enzymes can 
cause the loss of secretory and other impor-
tant membrane functions by increasing mem-
brane permeability and reducing transmem-
brane ion gradients.

Lipid Peroxidation

Cell membranes contain polyunsaturated 
fatty acids that can react with oxygen free 
radicals to generate lipid peroxides and per-
oxy radicals that, in turn, interact adversely 
with many of the same cellular constituents 
targeted by the initial free radicals.3,4 These 
reactions, which are potentiated by the pres-
ence of metals, can become autocatalytic 
after initiation to exacerbate the damage by 
oxidizing many polyunsaturated fatty acid 
molecules for each initiation event. Because 
lipid radicals are hydrophobic and interact 
extensively with membrane-associated fatty 
acids, the resulting peroxidation may have 
adverse effects on membrane permeability 
and microviscosity. In addition, critical mem-
brane functions such as deformability, ion 

CH -S3

SH HS S S

CH3-S

O

Transmembrane
glycoprotein

Membrane surface 
proteins Protein strand

scission

Free radical
damage

Amino acid
oxidation

Protein-protein 
Cross-linking

Malondialdehyde
released from

oxidized fatty acids

Disulfide
cross-linking

Lipid-lipid 
Cross-linking

Lipid-protein
Cross-linking

Fatty acid
oxidation
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transport, and enzyme activities can be al-
tered by cross-linking and polymerization of 
membrane components caused by malondial-
dehyde, which is produced by peroxidation 
of fatty acids that contain three or more dou-
ble bonds (see Fig. 23.3).

Lipid peroxidation occurs in rat and mouse 
cerebral cortical slices that are exposed to 
hyperoxia42,43 and has been correlated in the 
rat with partial inactivation of NaK-ATPase.44 
Greater levels of lipid peroxidation in mouse 
as compared with rat brain slices were associ-
ated with an earlier onset of oxygen convul-
sions in the mice.43 Both normal and tocopherol-
defi cient mice exposed to oxygen at 4.0 ATA 
(404 kPa) for 1 hour convulsed and had 
increased levels of brain lipid peroxides.45 
Tocopherol-supplemented mice exposed to 
the same conditions had neither convulsions 
nor brain lipid peroxidation. In contrast, brain 
lipid peroxide concentrations did not corre-
late with convulsions in rats breathing oxygen 
at 3.0 to 6.0 ATA (303–606 kPa).46

Hyperoxia-induced lipid peroxidation was 
exacerbated by the presence of Fe2� in rat 
brain cortical slices,44 and in homogenates 
from different brain regions, a linear relation 
existed between endogenous iron content and 
degree of lipid peroxidation.47 An important 
role for iron as a potentiator of lipid peroxida-
tion is supported by the observation that lipid 
peroxidation in rat brain homogenates ex-
posed to hyperoxia was inhibited to a greater 
degree by addition of ceruloplasmin and defer-
oxamine than by superoxide dismutase (SOD) 
or catalase.48

Lipid peroxidation also occurs in the 
lungs and liver during exposure to hyper-
oxia.29 In isolated perfused lungs from 
normal and tocopherol-defi cient rats, rates 
of lipid peroxide formation increased, 
respectively, by about 50% and more than 
500% during exposure to oxygen at 4.0 ATA 
(404 kPa).49 The rate of lipid peroxidation 
increased in lung tissues exposed to O2 at 
0.8 to 1.0 ATA (81–101 kPa) for 2 to 
7 days,50–52 in liver tissue from rats exposed 
to 0.8 ATA (81 kPa) O2 for 5 days,52 and 
in isolated perfused liver exposed to O2 at 
4.0 ATA (404 kPa).49

Metabolism of Arachidonic Acid

There are indications that products of arachi-
donic acid metabolism are involved at least 
indirectly in the development of oxygen poi-
soning.3 The membrane-associated enzymes 
cyclooxygenase and lipoxygenase react with 
arachidonic acid to initiate metabolic path-
ways that produce active radicals at several 
intermediate steps, as well as a variety of bio-
logically active products including prostaglan-
dins, thromboxanes, and leukotrienes.

Smith and colleagues53,54 measured throm-
boxane and prostacyclin metabolite concentra-
tions in bronchoalveolar lavage (BAL) fl uid 
obtained from mice exposed to O2 at 1.0 ATA 
(101 kPa) for up to 4 days. In an initial study,53 
the thromboxane metabolite concentration 
remained stable, whereas that of the prostacy-
clin metabolite increased threefold on expo-
sure day 4. Inhibition of cyclo-oxygenase dur-
ing exposure by giving indomethacin was 
associated with reduced concentration of pros-
tacyclin metabolite, increased lung damage, 
and decreased survival time. Results were con-
sidered to be consistent with a protective role 
for prostacyclin and/or with diversion of ara-
chidonic acid metabolism through the lipoxy-
genase pathway with detrimental effects.

Subsequently, a related study54 using the 
same animal model demonstrated a positive 
correlation between severity of lung damage 
and BAL fl uid concentration of sulfi dopep-
tide leukotrienes. Observation of similar BAL 
fl uid changes in neutropenic mice excluded 
neutrophils as a major source of the leukotri-
enes. Additional support for involvement of 
lipoxygenase products in the development 
of pulmonary oxygen poisoning is provided 
by the fi nding that rats exposed to O2 at 
1.0 ATA (101 kPa) for up to 72 hours had a 
progressive increase in BAL fl uid leukotriene 
B4 concentration concurrently with increased 
numbers of neutrophils in lavage fl uid and 
reduced activity of nicotinamide adenine 
dinucleotide phosphate-cytochrome c reduc-
tase in lung microsomes.55 Administration of 
low and high doses of a lipoxygenase inhibi-
tor caused dose-dependent reductions in 
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leukotriene B4 concentration and neutrophil 
numbers in BAL fl uid, as well as decreased 
mortality and prevention of the previously 
observed reduction in cytochrome c reduc-
tase activity. The authors conclude that the 
increased leukotriene B4 concentration pro-
vided a chemoattractant for neutrophils that 
then exacerbated the damage caused by 
pulmonary oxygen toxicity.

Protein Damage by Free Radicals

Susceptibility of a protein to free radical at-
tack and severity of the resulting damage are 
determined by several factors, including the 
nature of the free radical, cellular location 
and amino acid composition of the protein, 
the molecular location of susceptible amino 
acids, and their infl uences on protein confor-
mation and activity.3,56 In addition, the func-
tional impact of a given degree of damage is 
infl uenced by the availability and effi cacy of 
mechanisms for its reversal or repair. Because 
amino acids with sulfur atoms and/or unsatu-
rated bonds are readily modifi ed by free radi-
cals, susceptible proteins include those that 
contain tryptophane, tyrosine, phenylala -
nine, histidine, methionine, or cysteine.3,56 
Peroxynitrite commonly modifi es proteins 
by reacting with tyrosine residues to form 
S-nitrotyrosine. This selective process is infl u-
enced by both location of the tyrosine and 
its surrounding electrostatic characteristics.56 
Although cysteine can also be S-nitrosylated, 
this modifi cation reverses more rapidly and 
has less biologic signifi cance.

Using a system that generated hydroxyl 
and superoxide radicals by 60Co radiation in 
the presence of oxygen, Davies57–61 demon-
strated a direct and quantitative relation be-
tween proteolytic susceptibility and protein 
damage induced by oxygen radicals. Protein 
degradation caused by oxygen radicals 
preceded the onset of lipid peroxidation 
and occurred independently of membrane 
damage by lipid peroxidation products.61 
Membrane transport proteins appear to be 
unusually susceptible to adverse interactions 
with oxygen radicals.62

ANTIOXIDANT DEFENSES

Survival in an aerobic environment required 
the evolutionary development of biochemi-
cal defenses against oxygen-derived free radi-
cals.3,4,63,64 Examples of potential oxidant-
antioxidant interactions in the lung are 
summarized in Figure 23.4. Antioxidant de-
fenses have been characterized as a multilay-
ered system that evolved to counteract the 
adverse effects triggered by the univalent 
reduction of molecular oxygen.4 A fi rst line of 
defense in this system involves the action of 
enzymes, such as cytochrome oxidase, that 
can reduce molecular oxygen to water with-
out producing reactive intermediates, thereby 
avoiding the univalent pathway and reducing 
the pool of active radicals that must be op-
posed by other means.

Metalloenzymes known as SODs consti-
tute a second line of defense by catalyzing 
the dismutation of superoxide anion to form 
hydrogen peroxide.3,4,27 A third line of anti-
oxidant defense is provided by enzymes, such 
as catalase and glutathione peroxidase, that 
catalyze the removal of hydrogen peroxide 
produced either indirectly by superoxide 
anion dismutation or directly by reoxidation 
of reduced fl avoenzymes.4

Biologic antioxidants such as vitamin E act 
as a fourth line of defense by reacting rapidly 
with chain propagating fatty acid radicals to 
form a stable �-tocopherol radical and termi-
nate the chain reaction.4 The hydrophobic 
properties of vitamin E cause it to partition 
within biologic membranes, thereby enhanc-
ing its effectiveness against fatty acid radicals.

Reversal of oxidant damage by reactiva-
tion of oxidized enzymes and reduction of 
oxidized tissue components constitutes a 
fi fth line of defense4 that appears to be pro-
vided mainly by interactions with reduced 
glutathione, producing oxidized glutathione 
as a by-product.31 Concurrent activation 
of the pentose shunt pathway of glucose 
metabolism (see Fig. 23.4) supplies the 
nicotinamide adenine dinucleotide phos-
phate that is required to regenerate reduced 
glutathione.31,65
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Increasing evidence exists that the protec-
tive roles of classical antioxidant enzymes such 
as SOD, catalase, and glutathione peroxidase 
may be supplemented by other cellular and 
molecular responses to oxidative stress in 
mammalian cells.66 Heme oxygenase-1, also 
known as heat shock protein 32, is highly 
induced by oxidant stress and has been pro-
posed for a possible protective role against 
oxidant-induced lung injury.67 Potential mecha-
nisms for an antioxidant action include cataly-
sis of the oxidative degradation of heme, which 
can function as a cellular pro-oxidant, and pro-
duction of bilirubin as an end product that 
has antioxidant properties. Increased levels of 
heme oxygenase-1 were measured in lympho-
cytes obtained from healthy humans 24 hours 
after breathing O2 at 2.5 ATA (252 kPa) for 
60 minutes on a 20-minute O2/5-minute air 
intermittent schedule.68 Reversible breakage of 

DNA strands found in lymphocytes after a sin-
gle exposure to this profi le did not occur after 
the second or subsequent exposures. In addi-
tion, lymphocytes isolated from blood obtained 
24 hours after the initial exposure were resis-
tant to DNA damage by hydrogen peroxide in 
vitro. In a related investigation,69 synthesis of 
heat shock protein 70 was also induced in lym-
phocytes by a single 3 � 20-minute O2 expo-
sure at 2.5 ATA (252 kPa), whereas red blood 
cell concentrations of SOD, catalase, and gluta-
thione peroxidase were not altered. The prin-
ciple that heat shock proteins can provide 
cross-protection against oxidant injury is sup-
ported by the observation that hyperthermic 
preconditioning of cultured human umbilical 
vein endothelial cells signifi cantly reduced 
the cellular damage caused by subsequent 
exposure to hydrogen peroxide.70 In addition, 
heat acclimation of rats before O2 exposure at 
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tissue oxidants. These oxidants may damage cell membranes and intracellular enzymes by oxidizing tissue proteins 
and lipids. The tissue oxidant pool is diminished and free-radical chain reactions are stopped by interactions of 
quenchers with active species and oxidized tissue components. Superoxide anions can be removed specifi cally by 
superoxide dismutase (SOD). Damaged tissues may also be repaired by reduction of oxidized components by gluta-
thione (GSH) to form oxidized glutathione (GSSG). Regeneration of GSH from GSSG may be accomplished by interac-
tion with reduced nicotinamide adenine dinucleotide phosphate (NADPH), which is, in turn, restored by action of the 
pentose shunt pathway of glucose metabolism. The extent of lung damage may be determined by the net result of 
opposing radical-producing and -quenching actions with concurrent interactions between tissue-damaging and 
tissue-repairing processes. (From Fisher AB, Bassett DJP, Forman HJ: Oxygen toxicity of the lung: 
Biochemical aspects. In: Fishman AP, Renkin EM [eds]: Pulmonary Edema. Bethesda, MD, American 
Physiological Society, 1979, pp 207–216, by permission.)
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6.0 ATA (606 kPa) doubled the period of 
latency before the onset of electroencephalo-
graphic spikes in association with increased 
brain levels of heat shock protein 72.71 During 
a 4-week period of deacclimation to heat, 
reversal of the gain in seizure latency corre-
lated directly with decreasing levels of heat 
shock protein 72.

CLINICAL MANIFESTATIONS 
OF OXYGEN POISONING

Even at partial pressures that will ultimately 
produce severe oxidant damage, it is possible 
to breathe oxygen for a period with no overt 
manifestations of oxygen poisoning.2,6 The 
duration of this “latent” period is inversely 
proportional to the level of inspired Po2 such 
that there is a hyperbolic relation between 
inspired oxygen pressure and exposure dura-
tion required to produce a specifi c degree or 
type of oxygen poisoning (Fig. 23.5). Although 
it is now known that biochemical effects of 
oxygen toxicity are initiated rapidly at any 
level of hyperoxia with no actual latent pe-
riod,2,6,9,72 this early exposure interval pro-
vides an asymptomatic period of slowly devel-
oping oxidant injury from which complete 
recovery will occur promptly on return to 
normoxia.6

Similar hyperbolic relations have been dem-
onstrated for the following effects of oxygen 

toxicity: inactivation of respiration in rat brain 
slices73; conduction block in isolated cat 
nerve74; erythrocyte hemolysis in mice75; death 
of Drosophila,76 mice,77 and rats78,79; pulmo-
nary and neurologic symptoms in men73,80; and 
impairment of pulmonary function in men.2 
Because oxygen free radicals attack the basic 
cellular units of all life forms, it is reasonable 
to assume that hyperbolic oxygen pressure–
exposure duration relations exist for all mani-
festations of oxygen poisoning.

NEUROLOGIC EFFECTS 
OF OXYGEN TOXICITY

In preparation for the initial use of closed 
circuit oxygen rebreathing systems in mili-
tary covert operations during World War II, 
Donald10,81 in the Royal Navy and Yarbrough 
and coworkers82 in the U.S. Navy conducted 
extensive studies of CNS oxygen tolerance 
in large numbers of divers. These studies had 
as a primary focus the determination of on-
set times for symptoms and signs of CNS 
oxygen poisoning at oxygen pressures up to 
4.0 ATA (404 kPa) in an attempt to identify a 
reliable early warning before the onset of 
convulsions. Observed effects include the 
diverse symptoms and signs summarized in 
Table 23.1. Unfortunately, minor symptoms 
did not occur consistently before the subject 
convulsed. In addition, any preconvulsive 
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aura that did occur was sometimes followed 
by seizures so rapidly that it had little practi-
cal value as a warning.

Attempts by investigators in both navies 
to determine safe limits for breathing oxy-
gen at increased pressures were further hin-
dered by the consistent observation of wide 
variation in CNS oxygen tolerance among 
different individuals breathing oxygen at the 
same pressure (Fig. 23.6). Even in the same 
diver, onset times for neurologic effects of 
oxygen toxicity varied widely on different 
days (Fig. 23.7) such that his overall variabil-
ity over a period of 90 days (Fig. 23.8) 
resembled that for single exposures of 
36 different divers (see Fig. 23.6). The basis 
for CNS oxygen tolerance variability in the 
same or different individuals remains unex-
plained after failed attempts at correlation 
with factors such as age, weight, physical fi t-
ness, smoking, alcohol ingestion, psychologic 
stability, or personality traits.10,81

The seizure caused by oxygen toxicity is a 
generalized tonic-clonic convulsion that may 

occur suddenly without warning or it may be 
preceded by an aura or sequence of premoni-
tory sensations.6 Onset of the convulsion 
consists of a rigid tonic phase, with abrupt 
loss of consciousness and powerful extension 
of the neck and all four extremities. An initial 
opening of the mouth permits insertion of a 
padded spacer between the teeth to prevent 
laceration of the tongue. The tonic phase is 
followed within about 30 seconds by a clonic 
phase involving repeated, powerful, general-
ized muscle contractions for about 1 minute 
before gradual cessation. An apneic period 
that persists throughout both the tonic and 
clonic phases is followed by vigorous hyper-
ventilation stimulated by retained carbon 
dioxide and a metabolic acidosis.

Hyperoxic seizures usually stop spontane-
ously on resumption of air breathing without 
therapeutic intervention. Return of conscious-
ness within a few minutes after the convul-
sion is usually followed by a 5 to 30-minute 
postictal period during which mental alert-
ness returns gradually. Brain oxygenation is 

Table 23.1 Effects of Central Nervous System Oxygen Poisoning in Healthy Humans
Facial pallor Unpleasant olfactory sensations
Sweating Unpleasant gustatory sensations
Bradycardia Respiratory changes
Choking sensation  Panting
Sleepiness  Grunting
Depression  Hiccoughs
Euphoria  nspiratory predominance
Apprehension  Diaphragmatic spasms
Changes of behavior Severe nausea
 Fidgeting Spasmodic vomiting
 Disinterest Vertigo
 Clumsiness Fibrillation of lips
Visual symptoms Lip twitching
 Loss of acuity Twitching of cheek and nose
 Dazzle Palpitations
 Lateral movement Epigastric tensions
 Decrease of intensity Syncope
 Constriction of visual fi eld Convulsions
Acoustic symptoms
 Music
 Bell ringing
 Knocking

Adapted from Donald KW: Oxygen poisoning in man. I & II. Br Med J 1:667–672, 712–717, 1947; and Donald KW: Oxygen and the Diver. Harley Swan, 
United Kingdom, The SPA Ltd, 1992, by permission.
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maintained during the convulsion by the con-
current high alveolar PO2, arterial hypercap-
nia, and increased cerebral blood fl ow (CBF). 
If the patient is not intubated, decompression 
should be delayed until regular breathing has 
resumed. Apart from the possibility of physi-
cal injury, a single oxygen convulsion does 
not produce residual effects.6,81,82

Carbon Dioxide Effects on Neurologic 
Oxygen Tolerance

An accelerated onset of neurologic oxygen 
poisoning at oxygen pressures of 3.0 ATA 
(303 kPa) or higher by mild-to-moderate in-
creases of arterial partial pressure of carbon 
dioxide (PaCO2

) has been well documented.9 
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36 divers breathing O2 at 3.7 atmospheres absolute 
(ATA; 373 kPa) for intervals of 6 to 96 minutes. Each 
exposure was terminated when the diver experienced 
one of the neurologic effects listed in Table 23.1. 
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Arterial hypercapnia can also cause convul-
sions to occur at oxygen pressures at least 
as low as 2.0 ATA (202 kPa) where they do 
not normally occur at rest even in expo-
sures as long as 12 hours.83 Cerebral vasodi-
lation with an associated increase in brain 
oxygen tension has been proposed as the 
basis for the detrimental effects of hyper-
capnia on CNS oxygen tolerance.84 This 
conclusion is supported by the observation 
that internal jugular venous PO2 in four 
resting men increased from an average value 
of 76 mm Hg (10.1 kPa) while breathing 
O2 at 3.5 ATA (354 kPa) to 1000 mm Hg 
(133 kPa) when 2% CO2 was added to the 
inspired gas. Average PaCO2

 increased from 
37 mm Hg (4.9 kPa) on O2 alone to 58 mm Hg 
(7.7 kPa) on O2/CO2.84 In rats breathing O2 
at 2.0 to 5.0 ATA (202–505 kPa), cerebral tis-
sue PO2 increased signifi cantly when con-
centrations of 0.8% to 5.0% CO2 in O2 were 
inspired.85,86

It is widely accepted that the cerebral vaso-
dilation caused by arterial hypercapnia is initi-
ated by the increase in perivascular [H�] 
induced by freely diffusible CO2.87,88 However, 
more recent information indicates that ·NO 
may be involved in this process. Evidence for 
and against this hypothesis has been reviewed 

by Iadecola and coauthors.89 Although a large 
majority of studies indicated that the cerebro-
vascular response to hypercapnia is reduced 
by inhibition of nitric oxide synthase (NOS), a 
few investigators found little or no effect. Some 
of the discrepancies may be explained by the 
observation in rats that, whereas NOS inhibi-
tion signifi cantly reduced hypercapnic vasodi-
lation over a PaCO2

 range of 40 to 80 mm Hg 
(5.3–10.6 kPa), it had little or no effect at 
greater PCO2 levels.90 Iadecola and coauthors89 
concluded that, although ·NO synthesis ap-
peared to be involved in hypercapnic vasodila-
tion, ·NO may not be the fi nal mediator acting 
on vascular smooth muscle and other vasodila-
tor agents are likely participants.

Effects of Hyperoxia on Cerebral 
Blood Flow

Attempts to measure quantitatively the effects 
of hyperoxia on CBF have produced results 
that vary somewhat with different methods of 
measurement. Early studies in humans using 
the Kety–Schmidt N2O uptake method indi-
cated that CBF is reduced by 13% to 15% dur-
ing O2 breathing at 1.0 ATA (101 kPa)91,92 and 
by 25% at 3.5 ATA (354 kPa).92 Measurements 
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of CBF responses to hyperoxia are compli-
cated by the fact that the increase in PaO2

 trig-
gers a cascade of physiologic events that ulti-
mately cause mild hyperventilation, arterial 
hypocapnia, and decreased CBF.5,6 Intermedi-
ate steps include an increase in physically dis-
solved O2, diminished reduction of venous 
oxyhemoglobin, altered CO2 transport, and an 
increase in brain tissue PCO2. The magnitude 
of PaCO2

 reduction ranges from about 3 mm 
Hg (0.4 kPa) at 1.0 ATA (101 kPa) O2 to a 
maximum of 7 to 8 mm Hg (0.9–1.1 kPa) at 2.0 
to 2.5 ATA (202–252 kPa).93

Although the O2 and related CO2 effects 
on CBF are physiologically linked, they can 
be separated analytically by measuring CBF 
responses to a range of PaCO2

 values in air 
and oxygen backgrounds.94 The data in 
Figure 23.9, which were obtained with a 
noninvasive magnetic resonance imaging 
method over a total PCO2 range of 40 to 52 
mm Hg (5.3–6.9 kPa), refl ect a 29% to 33% 
reduction in CBF during O2 breathing at 1.0 
ATA (101 kPa) with respect to CBF at equiv-
alent PaCO2

 levels during air breathing. The 
CBF, PCO2 values for air breathing with no 
added CO2 (see Fig. 23.9) are nearly identi-
cal to corresponding values for one of the 
subject groups that Kety and Schmidt91 stud-
ied. However, the relative CBF decrement 
during O2 breathing is about twice that 
found previously with the N2O uptake 

method.91,92 In addition, the CBF, PCO2 values 
for O2 breathing with no added CO2 (see Fig. 
23.9) agree well with corresponding values 
obtained by using 133Xe clearance to mea-
sure CBF.95 The latter study95 did not include 
air-breathing CBF measurements. Ohta96 has 
used 133Xe clearance to measure CBF at O2 
pressures of 0.5, 1.0, 1.5, 2.0, and 2.5 ATA 
(50, 101, 151, 202, and 252 kPa, respectively). 
With respect to air breathing at 1.0 ATA (101 
kPa), CBF decreased by average values of 9%, 
21%, 23%, 29%, and 19%, respectively. These 
results appear to be consistent with a near-
maximal degree of vasoconstriction at an O2 
pressure of about 1.0 ATA (101 kPa). Al-
though the data shown in Figure 23.9 clearly 
indicate an independent cerebral vasocon-
strictive effect of hyperoxia, it is not cur-
rently possible to reconcile the varying mag-
nitudes of this effect as determined by 
different methods of CBF measurement.

Hyperoxia-Nitric Oxide Interacting 
Effects on Cerebral Blood Flow

Demchenko and colleagues97,98 proposed 
that the cerebral vasoconstriction induced 
by hyperoxia is mediated by reaction of 
superoxide with ·NO to decrease the avail-
ability of the vasodilator. In rats breathing O2 
at 5.0 ATA (505 kPa), CBF reduction did not 
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occur when SOD was given before expo-
sure.97 Cerebral vasoconstriction also did not 
occur during O2 breathing at either 3.0 or 
5.0 ATA (303 or 505 kPa) in mice that were 
genetically altered to overexpress SOD.98 
In agreement with an absence of cerebral 
vasoconstriction and, therefore, delivery of a 
higher brain oxygen dose is the observation 
that SOD overexpression in mice exposed to 
O2 at 6.0 ATA (606 kPa) was associated with 
a greater mortality rate than in nontransgenic 
mice.99 In both transgenic and nontransgenic 
mice, mortality was reduced and seizure 
onset was delayed by inhibition of either 
SOD or NOS.

Several studies in rats exposed to O2 pres-
sures of 3.0 ATA (303 kPa) or greater 
have shown that an initial period of cere-
bral vasoconstriction is followed by delayed 
vasodilation before the onset of convul-
sions.98,100–104 Although the biochemical 
basis for reversal of the initial vasoconstric-
tion has not been fully explained, it is likely 
that interacting effects of hyperoxia and 
·NO are involved (Fig. 23.10). In addition to 
the effect of superoxide on bioavailability 
of ·NO and modulation of this effect 
by SOD, results consistent with ·NO auto-
oxidation were obtained in experiments 
designed to evaluate vascular ·NO bioavail-
ability with an assay that used rat aortic 
rings exposed in vitro to O2 at 2.8 ATA 
(283 kPa).105 The same experiments indi-
rectly demonstrated vascular ·NO produc-
tion by a nonendothelial source. There were 
no indications of altered endothelial NOS 
activity after in vivo hyperoxia.

Concurrently with the hyperoxia-induced 
reduction of ·NO bioavailability, there are 
opposing effects that are also initiated by 
hyperoxia. In rats and genetically altered 
mice exposed to O2 pressures of 0.2 to 
2.8 ATA (20–283 kPa), there were rapid, 
dose-dependent increases of ·NO concentra-
tion in both the brain106 and perivascular 
aortic area.107 In both areas, activation of 
neuronal NOS was the dominant source of 
·NO. Whereas neuronal NOS activation at 
2.0 ATA (202 kPa) O2 appeared to be related 
to an altered cellular redox state,107 enzyme 
activation at 2.8 ATA (283 kPa) was consid-
ered to be mediated by an enhanced associa-
tion of neuronal NOS with calmodulin that 
was facilitated by the molecular chaperone, 
heat shock protein 90.106,107

General agreement exists that brain ·NO 
production is increased in rats before the 
onset of seizures during exposure to O2 pres-
sures of 3.0 to 6.0 ATA (303–606 kPa).102,108–112 
Results obtained in genetic knockout mice 
are consistent with an early cerebral vaso-
constriction related to superoxide-induced 
inactivation of endothelial NOS–derived 
·NO, followed by delayed vasodilation that is 
dependent on both endothelial and neuro-
nal NOS activation.111,112 In addition to mod-
ulating an increased CBF and brain oxygen 
dose, ·NO production can have other toxic 
effects such as production of peroxyni-
trite111 or amplifi cation of an excitatory to 
inhibitory neurotransmitter imbalance by 
enhancing the release of glutamate and 
aspartate, and suppressing the release of 
�-aminobutyric acid.108,113,114
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Figure 23.10 Interacting effects of hyperoxia 
and nitric oxide (·NO) on cerebral blood fl ow. 
eNOS, endothelial nitric oxide synthase; 
nNOS, neuronal nitric oxide synthase.
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Rate of Development of Neurologic 
Oxygen Poisoning

As part of a multiyear, comprehensive investi-
gation of human organ tolerance to continu-
ous oxygen breathing at pressures of 3.0, 
2.5, 2.0, and 1.5 ATA (303, 252, 202, and 
151 kPa, respectively), referred to collectively 
as Predictive Studies V,115 respiratory control 
parameters were measured as preconvulsive 
indices of neurologic oxygen poisoning.93 
Average changes in the timing component of 
ventilation, calculated as inspiratory time 
divided by total breath period (TI/TT), are 
shown in Figure 23.11. With the exception of 
the fi nal measurement during O2 breathing at 
2.0 ATA (202 kPa), all of the remaining TI/TT 
values decrease progressively with increasing 
duration of O2 breathing at each pressure. In 
contrast, average values obtained during air-
breathing control periods scatter erratically 
about the control value. Linear regression lines 
and equations for each pressure are shown in 
Figure 23.11. The fi nal data point at 2.0 ATA 
(202 kPa) was excluded from the regression 
because it was considered that the unique 

inconsistency of this value was probably re-
lated to pulmonary symptoms experienced 
by some of the subjects at that time.93,116 
The increasing slope of the TI/TT changes at 
greater oxygen pressures is consistent with 
associated increments in the rate of develop-
ment of neurologic oxygen poisoning.

Of the 13 subjects who breathed O2 at 
3.0 ATA (303 kPa) for up to 3.5 hours, 1 had 
a typical oxygen convulsion at 3.0 hours.93,115 
Ventilatory and end-tidal PCO2 measurements 
for this subject are compared with averages 
for the other 12 subjects in Figure 23.12. 
Starting at about 2.5 hours of exposure, the 
subject who convulsed had an abrupt onset 
of an erratic breathing pattern with an asso-
ciated 184% increase in expiratory time, 50% 
reduction in TI/TT, decreased respiratory rate 
and ventilation, and increase in end-tidal 
PCO2 from 34 to 43 mm Hg (4.5–5.7 kPa).93 
Although not measured directly, concurrent 
increases in CBF and brain O2 dose would be 
expected. Previously reported respiratory 
changes such as “inspiratory predominance” 
and “diaphragmatic spasms” (see Table 23.1) 
suggest that similar manifestations of neuro-
logic oxygen poisoning occurred previously 
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Figure 23.11 Average changes in the 
timing component of ventilation in healthy 
men breathing oxygen at 3.0, 2.5, 2.0, 
and 1.5 atmospheres absolute (ATA) (303, 
252, 202, and 151 kPa, respectively). The 
number of subjects in each group is 12, 8, 
6, and 9, respectively. Control measure-
ments during air breathing at 1.0 ATA 
(101 kPa) were performed in eight of the 
subjects exposed at 3.0 ATA (short air) and 
in fi ve of the 1.5 ATA subjects (long air). 
Dashed lines are linear regressions 
through the average data connected by 
solid lines. Asterisks indicate statisti-
cally signifi cant changes. TI/TT, inspiratory 
time divided by total breath period. (From 
Gelfand R, Lambertsen CJ, Clark JM: 
Ventilatory effects of prolonged 
hyperoxia at pressures of 1.5-3.0 
ATA. Aviat Space Environ Med 
77:801–810, 2006.)
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in the absence of objective monitoring. 
Because only one subject convulsed in this 
series of experiments, the degree to which 
the observed respiratory changes can be gen-
eralized is unknown. Nevertheless, the toxic 
effects on respiratory control factors that 
caused the changes shown in Figure 23.12 
may represent at least one mechanism for 
the preconvulsive CBF changes found repeat-
edly in rats.98,100–104

EFFECTS OF OXYGEN TOXICITY 
ON THE EYE

Ocular manifestations of oxygen poisoning 
are affected by many variables in addition to 
inspired PO2 and exposure duration.12 These 
include the age of the exposed individual, 
method of oxygen administration, and the 
presence of latent or overt conditions that 
may alter susceptibility to oxygen poisoning. 
Major infl uences of each of these conditions 
are described in the following sections.

Retinopathy of Prematurity

Retinopathy of prematurity is a unique con-
dition caused by exposure of the premature 
infant to hyperoxia. Initially, there is con-
striction of the developing retinal vessels, 
followed by endothelial cell destruction 
and the arrest of retinal vascularization at 
an incomplete stage of development.12,23 
On removal from hyperoxia, there is a dis-
organized and profuse vascular prolifera-
tion by the remaining endothelial cells. This 
produces a fibrous mass of vascular tissue 
that ultimately causes irreversible retinal 
detachment and permanent blindness. 
Despite the fact that current management 
is generally aimed at maintaining condi-
tions of stable and moderate oxygenation 
with PaO2

 levels in the range of 60 to 
80 mm Hg (8.0–10.6 kPa) and oxyhemoglo-
bin saturations of 88% to 95%, retinopathy 
of prematurity remains prevalent among 
small premature infants.117
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Figure 23.12 Changes in ventilation and 
end-tidal partial pressure of carbon dioxide 
(PCO2) of a subject who convulsed 
compared with average changes in 12 other 
subjects who did not convulse during O2 
breathing at 3.0 atmospheres absolute 
(ATA; 303 kPa). (From Lambertsen CJ, 
Clark JM, Gelfand R, et al: Defi nition 
of tolerance to continuous hyperoxia 
in man: An abstract report of 
Predictive Studies V. In: Bove AA, 
Bachrach AJ, Greenbaum LJ [eds]: 
Underwater and Hyperbaric Physiology 
IX. Bethesda, MD, Undersea and 
Hyperbaric Medical Society, 1987, 
pp 717–735, by permission.)
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Effects on Peripheral Vision

Behnke and coworkers118 fi rst documented a 
progressive loss of peripheral vision to the 
point of near blindness (tunnel vision) in a 
man who breathed O2 at 3.0 ATA (303 kPa) for 
3.5 hours (Fig. 23.13). The visual loss was 
reversible and recovery was nearly complete 
within 50 minutes after resumption of air 
breathing. Similar visual changes were later 
reported by Donald81 and Rosenberg and col-
leagues.119 These early observations were con-
fi rmed and extended by Lambertsen and col-
leagues115 in Predictive Studies V (Fig. 23.14). 
During O2 breathing at 3.0 ATA (303 kPa), the 
visual fi eld area remained near or above the 
pre-exposure control value for 2.5 to 3.0 
hours, then decreased progressively until O2 
breathing was stopped at 3.5 hours. The aver-
age decrease in visual fi eld area at 3.5 hours 

was 50%, with individual decrements of 74% 
to 91% in the six subjects who had the largest 
changes. Complete recovery occurred within 
45 minutes after return to air breathing. Visual 
acuity and visual-evoked cortical responses, 
both of which are determined primarily by 
central visual function, remained unchanged 
even in the subjects who had the largest 
visual fi eld losses.

Extreme susceptibility to visual effects of 
oxygen toxicity was manifested in an individ-
ual who had recovered many years previously 
from retrobulbar neuritis in one eye.120 Dur-
ing O2 breathing at 2.0 ATA (202 kPa), the 
onset of progressive visual fi eld contraction in 
the affected eye was noted at about 4 hours 
and was nearly complete by 6 hours. Although 
most of the visual fi eld loss reversed within 
the fi rst few hours of air breathing, complete 
recovery required more than 24 hours. This 
was considered to represent an exaggerated 
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Figure 23.13 Perimetric measurements of visual fi elds in the same subject before and after 3.5 hours of 
oxygen breathing at 3.0 atmospheres absolute (ATA; 303 kPa). A, Normal pre-exposure visual fi elds. Visual fi elds 
were obtained 5 (B), 25 (C), and 50 (D) minutes after exposure. (From Behnke AR, Forbes HS, Motley EP: 
Circulatory and visual effects of oxygen at 3 atmospheres pressure. Am J Physiol 114:436–442, 
1936, by permission.)
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expression of oxygen effect related to the ex-
istence of an underlying neuronal and/or vas-
cular defect.

Effects on Retinal Electrical Activity

Noell121 and Bridges122 studied in rabbits the 
effects of prolonged O2 exposure on the elec-
troretinogram (ERG), measured as the electrical 
response of the dark-adapted retina to a fl ash of 
light. Amplitude of the ERG was completely 
and reversibly suppressed by O2 exposures 
ranging from nearly 2 days at 1.0 ATA (101 kPa) 
to less than 1 hour at 7.0 ATA (707 kPa). Recov-
ery of the ERG did not occur if the O2 exposure 
was continued suffi ciently beyond the point of 
complete extinction, presumably to the point 
of visual cell damage or death.

Reversible decrements in ERG amplitude 
were also measured in healthy men during 
exposures to O2 pressures of 3.0, 2.5, 2.0, and 
1.5 ATA (303, 252, 202, and 151 kPa, respec-
tively) for average durations of 3.4, 5.7, 8.8, 
and 17.7 hours, respectively.2 Unexpectedly, 
the ERG changes did not correlate with 
concurrent reductions in visual fi eld area. 
Whereas the largest visual fi eld contractions 
were found during the relatively short expo-
sures at 3.0 ATA (303 kPa), ERG amplitude 
decreased most consistently during the longer 
exposures at 2.0 ATA (202 kPa). The observed 

lack of correlation for ERG and visual fi eld 
effects of oxygen toxicity may refl ect differ-
ent sites of action or biochemical characteris-
tics of the cells involved.

Oxygen Effects on the Lens of the Eye

Progressive myopia is an ocular effect of oxy-
gen toxicity that occurs in some patients who 
receive daily 90- to 120-minute exposures to 
O2 at 2.0-2.5 ATA (202–252 kPa) for chronic 
disease states.123–127 Refractive changes oc-
curred symmetrically in both eyes and ap-
peared to progress throughout the duration of 
oxygen therapy. After completion of the ther-
apy series, recovery was often rapid for the 
fi rst few weeks and then continued more 
slowly for periods of several weeks to as long 
as a year (Fig. 23.15). Reversal was complete 
in most but not all patients.123

The cause of the progressive myopia in-
duced by hyperoxia has been attributed to a 
reversible change in lens shape or metabo-
lism.123,124,128 Possible causes of myopia that 
have been excluded include changes in corneal 
curvature or intraocular tension123 and change 
in the axial length of the eye.128 Patients with 
diabetes and elderly patients appear to have a 
greater incidence of myopia.124,128

Evanger and colleagues127 compared refrac-
tive changes in 20 patients using an oronasal 
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40 Figure 23.14 Peripheral visual fi eld 
changes in healthy men during and after 
continuous O2 exposure at 3.0 atmospheres 
absolute (ATA; 303 kPa) for 3 5 hours. 
Progressive decrements in peripheral vision 
developed after a delay and reversed rapidly 
after termination of oxygen breathing. Associ-
ated decrements in electroretinogram b-wave 
amplitude were less consistent and generally 
of smaller magnitude. Visual acuity and visual-
evoked cortical responses were not changed. 
(From Lambertsen CJ, Clark JM, 
Gelfand R, et al: Defi nition of tolerance 
to continuous hyperoxia in man: An 
abstract report of Predictive Studies V. 
In: Bove A A, Bachrach A J, Greenbaum 
L J [eds]: Underwater and Hyperbaric 
Physiology IX. Bethesda, MD, Undersea 
and Hyperbaric Medical Society, 1987, 
pp 717–735, by permission.)
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mask with those in 12 other patients who 
received O2 via a hood system. All patients 
received O2 daily at 2.4 ATA (242 kPa) for 
21 days. Each therapy consisted of three 
30-minute O2 cycles separated by 5-minute 
air breaks. Refraction was performed within 
1 week before the start of the therapy series 
and then repeated within 2 to 4 days of com-
pletion and at regular intervals thereafter. My-
opic shifts of at least 0.5 diopter occurred in 
24 of 40 eyes (60%) in the mask group and in 
20 of 24 eyes (83%) in the hood group. Maxi-
mal changes in spheric equivalents for all 
20 patients given O2 by mask had average val-
ues of �0.55 D and �0.53 D in right and left 
eyes, respectively, at 2 to 4 days after cessation 
of therapy. Refraction returned to baseline 
within 6 weeks. Corresponding average val-
ues of spherical equivalents for the 12 pa-
tients in the hood group were �1.06 D and 
�1.10 D. Maximal changes were found 12 to 
16 days after cessation of therapy, and recov-
ery occurred within 10 weeks. The investiga-
tors concluded that patients in the hood 
group received a more toxic dose to the lens 
because O2 was delivered by diffusion across 
the cornea and by the arterial circulation. This 
conclusion is supported by the fi nding in rab-
bits that PO2 of the aqueous humour was 
increased signifi cantly by exposing the cor-
nea to oxygen while the animal continued 
to breath air.129

Accelerated progression of pre-existing nu-
clear cataracts and formation of new cataracts 
were observed in a group of 25 patients who 
received extremely prolonged series of hyper-
baric oxygen treatments.130 Daily treatments 
consisting of 1 hour at 2.0 to 2.5 ATA 
(202–252 kPa) were given over 2 to 19 months 
for totals of 150 to 850 exposures. All of the 
patients developed myopia, and all but one 
had a refractive change of at least 1.0 D with 
an overall average maximal value of 3.0 D. On 
termination of therapy, the induced myopia 
reversed in most but not all patients, and myo-
pia persisted in 11 patients for at least 
6 months. Nuclear cataracts developed in 7 of 
15 patients who started with clear lens nuclei 
and progressed in 8 of 10 patients who 
had pre-existing cataracts. Palmquist and col-
leagues130 conclude that myopia appeared 
to be an early, reversible manifestation of 
lenticular oxygen toxicity, whereas cataract 
formation represented a more severe and less 
reversible toxic effect.

In what appears to be an exception to the 
general observation that newly formed cata-
racts occur only in therapy series that greatly 
exceed the 20 to 50 treatments used for most 
applications, early cataract development in a 
49-year-old woman who had 48 treatments 
over a period of 11 weeks has been reported.131 
Each treatment consisted of O2 breathing at 
2.5 ATA (252 kPa) for three 30-minute periods 
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Figure 23.15 Onset and reversal of progres-
sive myopia during and after a 44-week series 
of oxygen therapies. Each therapy consisted of 
1 hour of oxygen breathing at 2.5 atmospheres 
absolute (ATA; 252 kPa) preceded and followed 
by 30-minute periods of compression and 
decompression. One treatment was given each 
day. (From Lyne AJ: Ocular effects of 
hyperbaric oxygen. Trans Ophthalmol Soc 
U K 98:66–68, 1978, by permission.)
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separated by two 5-minute air breaks. Bilateral 
cataract formation was associated with a myo-
pic shift that progressed over a period of 
4 months after therapy to stabilize at 3.25 D. 
The cataracts and associated myopic shift were 
still present at 11 months after therapy. 
Although the patient did not have diabetes 
and was not taking steroids, the possibility of 
an undetected, predisposing condition should 
be considered.

Another unusual observation was docu-
mented in a 41-year-old woman who received 
30 O2 treatments at 2.4 ATA (242 kPa) for 
90 minutes each treatment.132 By the end of 
the therapy series, she noted subjective myo-
pia that was not quantifi ed. Ten days later, 
however, she described a rapid onset of an 
inability to read text. When she was evaluated 
on day 17, she had a 2-D hypermetropic shift 
that reversed over a period of about 10 weeks. 
Slit-lamp examination and ophthalmoscopy 
showed clear media and normal fundi. No 
underlying conditions were identifi ed.

PULMONARY EFFECTS 
OF OXYGEN TOXICITY

Pulmonary effects of oxygen toxicity have 
been described extensively in previous re-
views.2,9 This presentation is necessarily more 
succinct. Most of the available information 
regarding toxic effects on the human lung has 
been obtained in healthy human volunteers 
who breathe oxygen until they experience 
early reversible degrees of pulmonary oxygen 
poisoning. Required exposure durations are 
well beyond those used in therapeutic appli-
cations with the possible exception of severe 
decompression sickness that requires satura-
tion or multiple exposures.

The symptoms of pulmonary oxygen poison-
ing appear to be caused by a tracheobronchitis 
that starts in the substernal or carinal area 
and spreads throughout the tracheobronchial 
tree.9,83 In subjects breathing O2 at pressures 
of about 0.8, 1.0, and 2.0 ATA (81, 101, and 
202 kPa, respectively), symptoms occur as early 
as 6, 4, and 3 hours, respectively. During O2 
breathing at 3.0 ATA (303 kPa), mild symptoms 

may be experienced within 1 hour by sensitive 
individuals.133 Beginning as a mild sensation 
that is accentuated by inspiration and occasion-
ally induces a cough, the tracheal irritation 
becomes progressively more intense and wide-
spread, in parallel with more frequent cough-
ing. When extreme, the tracheal symptoms are 
characterized by a constant burning sensation 
that is exacerbated by inspiration and accompa-
nied by uncontrollable coughing. The most 
severe symptoms are associated with dyspnea 
on exertion or even at rest. On cessation of 
O2 breathing at 2.0 ATA (202 kPa), symptom 
intensity usually decreased rapidly within 2 to 
4 hours.83 Complete resolution of pulmonary 
symptoms occurred over about 1 to 3 days, 
although dyspnea on exertion sometimes per-
sisted for several days.

Effects on Pulmonary Function

Effects of toxic oxygen exposures at 1.5, 2.0, 
2.5, and 3.0 ATA (151, 202, 252, and 303 kPa, 
respectively) on selected indices of pulmonary 
function are summarized in Table 23.2.116,133 
The data indicate that patterns of pulmonary 
function defi cits vary with different combina-
tions of oxygen pressure and exposure dura-
tion. They also show that lung mechanical 
function is impaired earlier and more promi-
nently than gas exchange function at each 
pressure. The functional defi cits summarized in 
Table 23.2 probably represent the combined 
effects of direct oxidant injuries to pulmonary 
tissues and the exacerbation of those injuries 
by superimposed tissue reactions.

Additional variable patterns and degrees of 
effects on pulmonary function are illustrated 
by the changes in lung volumes and fl ow rates 
that are shown in Figure 23.16. At the end of 
the 1.5-ATA (151-kPa) O2 exposures, changes 
in lung expiratory function ranged from essen-
tially no change in maximal midexpiratory 
fl ow rate to a 25% decrement in peak expira-
tory fl ow rate, whereas all four indices of lung 
inspiratory function were uniformly decreased 
by 22% to 23%. In contrast, at the end of the O2 
exposures at 2.0 ATA (202 kPa), decrements in 
three of the four measures of lung inspiratory 
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function were relatively greater than the cor-
responding measures of expiratory function. A 
third pattern of effects is represented by ob-
servations in two subjects who had unusually 
large changes in pulmonary function at 1.4 
hours after cessation of O2 breathing at 2.5 
ATA (252 kPa). Although average reductions in 
expiratory and inspiratory forced vital capac-
ity were nearly identical, decreases in the 
other three indices of lung expiratory function 
greatly exceeded the corresponding inspira-
tory changes. The observed different patterns 
of effects are also considered to represent 
varying combinations of direct and indirect 
effects of oxygen toxicity.

Rate of Development of Pulmonary 
Oxygen Poisoning

At regular intervals during continuous oxy-
gen breathing at pressures of 1.5, 2.0, 2.5, and 
3.0 ATA (151, 202, 252, and 303 kPa, respec-
tively), each subject rated symptoms of chest 
pain, cough, chest tightness, and dyspnea as 
absent (0), mild (1�), moderate (2�), or 
severe (3�).116,133 Average ratings of all four 
symptoms were combined for each subject 

group to provide estimates of pulmonary 
symptom intensity with respect to exposure 
duration at each pressure (Fig. 23.17). Smooth 
curves drawn through the average symptom 
ratings indicate that rates of symptom devel-
opment increased progressively at higher lev-
els of inspired PO2. The curves also show that 
pulmonary symptoms became moderately in-
tense by the end of the longer oxygen expo-
sures at 1.5 and 2.0 ATA (151 and 202 kPa) 
but remained generally mild during the expo-
sures at 2.5 and 3.0 ATA (252 and 303 kPa).

Concurrently with the periodic subjective 
assessment of symptoms, the rates of develop-
ment of pulmonary oxygen poisoning at 
1.5, 2.0, and 2.5 ATA (151, 202, and 252 kPa, 
respectively) were monitored objectively by 
repeated performance of fl ow-volume maneu-
vers and spirometry.116 Pulmonary function 
was evaluated quantitatively only before and 
after the 3.5-hour exposures at 3.0 ATA 
(303 kPa).133 Vital capacity was selected for 
quantitative comparison of toxic effects at 
1.5, 2.0, and 2.5 ATA (151, 202, and 252 kPa, 
respectively) because it decreased progres-
sively and signifi cantly at all three pressures 
(see Fig. 23.17) and because similar effects 
were observed in earlier studies at lower 

Table 23.2 Effects of Continuous Oxygen Exposure at 151, 202, 252 and 303 kPa (1.5, 2.0, 
2.5, and 3.0 ATA) on Selected Indices of Pulmonary Function in Humans

INDICES
151 KPA 

(1.5 ATA) (N)
202 KPA 

(2.0 ATA) (N)
252 KPA 

(2.5 ATA) (N)
303 KPA 

(3.0 ATA) (N)

Duration (hours) 17.7 ± 0.8 8.8 ± 1.7 5.7 ± 0.4 3.4 ± 0.3
Measurement time End exposure End exposure After exposure After exposure
FVC �20.4* ± 11.6% (9) �21.0* ± 14.3% (14) �11.9* ± 15.6% (8) �3.4 ± 5.2% (13)
FEV1 �14.0* ± 16.2% (9) �22.2* ± 22.0% (14) �21.7* ± 29.2% (8) �6.1* ± 5.0% (13)
FEF25-75 �1.0 ± 27.0% (9) �19.2* ± 32.5% (14) �30.8* ± 34.3% (8) �11.8* ± 7.5% (13)
%�Vmax50† �19.9* ± 22.9% (9) �17.6* ± 20.7% (8) �20.4 ± 46.9% (8) �18.4* ± 14.5% (5)
DLCO �10.8* ± 8.5% (9) �9.7* ± 4.6% (15) �7.7* ± 4.4% (8) �1.7 ± 9.3% (11)
(A�a) �PO2 (mm Hg)
 Before 12.3 ± 5.4 (6) 20.6 ± 6.9 (15) 16.1 ± 2.0 (8) NM
 After 24.7* ± 8.3 (6) 18.6 ± 6.8 (15) 18.9 ± 4.1 (8) NM

Measured at the end of exposure or during early postexposure period. Values shown are percentage changes from early exposure or pre-exposure control values 
with the one indicated exception. Values are presented as means ± standard deviation.

*P � 0.05.
†Values expressed as actual change rather than percentage change from early exposure or pre-exposure control.
(A�a) �PO2, alveolar-arterial oxygen difference on air during exercise; ATA, atmospheres absolute; DLCO, lung carbon monoxide diffusing capacity; 

FEF25-75, maximal midexpiratory fl ow rate; FEV1, 1 second forced expired volume; FVC, forced vital capacity; % �Vmax50, difference in maximal expiratory fl ow 
rates on helium/oxygen and air at 50% of forced expired volume expressed as percentage of the air fl ow rate; NM, not measured.

From Clark JM, Jackson RM, Lambertsen CJ, et al: Pulmonary function in men after oxygen breathing at 3.0 ATA for 3.5 h. J Appl Physiol 71:878–885, 
1991; and Clark JM, Lambertsen C J, Gelfand R, et al: Effects of prolonged oxygen exposure at 1.5, 2.0, or 2.5 ATA on pulmonary function in men (Predictive 
Studies V). J Appl Physiol 86:243–259, 1999, by permission.
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pressures.2,9 Average values of vital capacity 
declined more rapidly as inspired PO2 increased 
from 1.5 to 2.5 ATA (151–252 kPa). Compari-
sons of pulmonary symptom and vital capacity 
curves for each pressure show that the initial 
decline in vital capacity consistently preceded 
the onset of symptoms, and that prominent 
decrements in vital capacity were sometimes 
associated with mild symptoms. As was found 
with neurologic manifestations of oxygen poi-
soning (see Fig. 23.6), the rate and magnitude 
of decline in vital capacity varied markedly 
among different individuals at the same oxy-
gen pressure (Fig. 23.18).83

Rate of Recovery from Pulmonary 
Oxygen Poisoning

Recovery from pulmonary oxygen poisoning 
is a complex process that involves different 
rates of reversal of diverse toxic effects in dif-
ferent cells and tissues.6,134 Complete recov-
ery includes reversal of the intracellular bio-

chemical effects of oxygen toxicity together 
with recovery from tissue reactions to those 
effects. These components of reversal and 
recovery are expected to have different time 
courses, most of which cannot be measured 
directly. Recovery from functional defi cit is 
likely to occur more rapidly than reversal or 
repair of structural damage.

Average rates of vital capacity recovery in 
groups of eight to nine subjects who were 
exposed to O2 at 2.5, 2.0, or 1.5 ATA (252, 
202, or 151 kPa, respectively) are shown in 
Figure 23.19.116,135 In all three subject groups, 
vital capacity increased rapidly during the fi rst 
5 hours of recovery and returned to the pre-
exposure control value within 15 to 30 hours. 
The slowest rate of recovery occurred after 
breathing O2 at 1.5 ATA (151 kPa) for an aver-
age duration of 17.7 hours, but this may have 
been infl uenced by the performance of BAL 
in six of nine subjects at 8.5 to 10 hours of 
recovery.116

Individual variability in rates of vital capac-
ity recovery for three subjects who breathed 
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Figure 23.16 Average changes in expiratory and inspiratory lung volumes and fl ow rates after O2 exposures at 
1.5, 2.0, and 2.5 ATA (151, 202, and 252 kPa, respectively). Numbers of subjects at each pressure are indicated. 
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Figure 23.17 Rates of development of 
pulmonary symptoms and vital capacity 
decrements during continuous exposures to 
O2 pressures of 3.0, 2.5, 2.0, and 1.5 atmo-
spheres absolute (ATA; 303, 252, 202, and 
151 kPa, respectively). Average symptom 
intensities were determined as described in 
the text. Vital capacity was not measured 
during O2 exposure at 3.0 ATA (303 kPa) to 
allow more time for monitoring central 
nervous system functions.115 Pulmonary 
function was evaluated 2 to 4 hours after 
the 3.0-ATA (303-kPa) exposures.133 (From 
Clark JM, Lambertsen CJ, Gelfand R, 
et al: Effects of prolonged oxygen 
exposure at 1.5, 2.0, or 2.5 ATA on 
pulmonary function in men [Predictive 
Studies V]. J Appl Physiol 86:243–
259, 1999, by permission.)
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Figure 23.18 Individual variation in rates 
of development of, and recovery from, pulmo-
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Clark JM, Lambertsen CJ: Rate of 
development of pulmonary O2 toxicity 
in man during O2 breathing at 2.0 Ata. 
J Appl Physiol 30:739–752, 1971, by 
permission.)
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O2 at 2.0 ATA (202 kPa) for 8 to 11.3 hours is 
shown in Figure 23.18. The longest recovery 
period of 11 to 12 days occurred after an 
11.3-hour exposure. A postexposure recovery 
period of several weeks was reported for one 
subject who breathed 0.98 ATA (99 kPa) O2 
for 74 hours.136 The period of time required 
for complete recovery of vital capacity ap-
pears to be determined as much by the dura-
tion of the preceding exposure as by the 
magnitude of decrement. Oxygen exposures 
that are prolonged suffi ciently to cause edema 
or other tissue reactions are likely to require 
longer recovery periods for complete resolu-
tion to occur.134

Of all the indices of pulmonary mechanical 
and gas exchange function that were mea-
sured after the prolonged oxygen exposures at 
2.0 and 2.5 ATA (202 and 252 kPa), carbon 

monoxide diffusing capacity was the slowest 
to recover (Fig. 23.20).116 Small but statistically 
signifi cant decrements of about 6% to 11% 
persisted for at least 8 to 9 days. Extended 
follow-up measurements obtained from 2 weeks 
to 5 months after the oxygen exposures con-
fi rmed that average carbon monoxide diffus-
ing capacity values had returned fully or to 
within 2% of the pre-exposure control values. 
Pulmonary diffusing capacity for carbon monox-
ide appears to be a sensitive index of complete 
recovery from pulmonary oxygen poisoning.

A single report claims that cumulative ef-
fects of pulmonary oxygen toxicity may be 
produced by a series of daily exposures that 
individually cause no measurable changes in 
pulmonary function.137 In a group of 20 patients 
with no previous lung disease and no current 
smokers, each therapy consisted of three 
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Figure 23.19 Rates of vital capacity 
recovery after O2 exposure at 2.5, 2.0, and 
1.5 ATA (252, 202, and 151 kPa, respec-
tively). Average exposure durations were 
5.7 hours at 2.5 ATA (252 kPa), 8.4 hours 
at 2.0 ATA (202 kPa), and 17.7 hours at 
1.5 ATA (151 kPa). Lung volumes and fl ow 
rates were measured repeatedly during air 
breathing at 1.0 ATA (101 kPa) after termi-
nation of O2 exposure. Pre-exposure control 
values were also measured at 1.0 ATA 
(101 kPa). Statistically signifi cant decre-
ments are indicated by an asterisk. (From 
Clark JM, Lambertsen CJ, Gelfand R, 
et al: Effects of prolonged oxygen 
exposure at 1.5, 2.0, or 2.5 ATA on 
pulmonary function in men [Predictive 
Studies V]. J Appl Physiol 86:243–259, 
1999, by permission.)
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30-minute O2 periods at 2.4 ATA (242 kPa) 
separated by two 5-minute air breaks. At the 
end of the therapy series given over 21 con-
secutive days, there were statistically signifi -
cant, but quantitatively small, changes in lung 
expiratory function. Although the observed 
changes were clinically insignifi cant, they 
were still present 4 weeks later. Similar changes 
in lung expiratory function were not found in 
a different group of 18 patients that included 
smokers and had an average carbon monox-
ide diffusing capacity that was 81% of a normal 
reference population.138 This group received 
30 treatments over a period of 6 weeks. Each 
therapy consisted of 90 minutes of continu-
ous O2 breathing at 2.4 ATA (242 kPa). Addi-
tional measurements are needed to investigate 
the possibility of detectable cumulative ef-
fects from current therapy protocols.

Possible Interactions of Neurologic 
and Pulmonary Effects of Oxygen 
Toxicity

Two of eight subjects who breathed O2 for 
5 to 6 hours at 2.5 ATA (252 kPa) had unusu-
ally large changes in pulmonary mechanical 
function with abrupt decreases in lung vol-
umes and midexpiratory fl ow rates during the 
last 2 hours of exposure, continued decline in 
lung expiratory function during the fi rst post-

exposure hour, and nearly complete recovery 
over the next 3 to 4 hours (Fig. 23.21).116 A 
similar pattern of changes in vital capacity 
was observed previously in one of the sub-
jects studied during and after O2 breathing at 
2.0 ATA (202 kPa) (see Fig. 23.18).

The prominent magnitudes of the observed 
changes in lung volumes and fl ow rates, as well 
as their rapid rates of onset and reversal, are 
consistent with an exacerbation of localized 
manifestations of pulmonary oxygen poison-
ing by interaction with concurrent effects of 
neurologic oxygen toxicity. The observed large 
decreases in pulmonary mechanical function 
could have been caused by vagally induced 
bronchoconstriction, which is consistent with 
the sensation of chest tightness that was expe-
rienced by these subjects.116 Results consistent 
with augmentation of vagal infl uences on car-
diac function during O2 breathing at 2.0, 2.5, or 
3.0 ATA (202, 252, and 303 kPa, respectively) 
were also found in some individuals.139

DEFINITION OF OXYGEN 
TOLERANCE IN HUMANS

Human tolerance to oxygen toxicity must be 
defi ned over a range of useful pressures to 
derive maximal benefi t from therapeutic 
applications of hyperoxia while avoiding 
concurrent adverse effects. Using decrease 
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Figure 23.20 Pulmonary diffusing capacity 
for carbon monoxide after O2 exposure at 3.0, 
2.5, 2.0, and 1.5 atmospheres absolute 
(ATA; 303, 252, 202, and 151 kPa, respec-
tively). Average changes in carbon monoxide 
(CO) diffusing capacity relative to pre-exposure 
control values are shown, and statistically 
signifi cant differences are indicated by an 
asterisk. Subsequent measurements of 
diffusing capacity in all subjects who were 
available for extended follow-up equaled or ex-
ceeded the pre-exposure control value. (From 
Clark JM, Lambertsen CJ, Gelfand R, 
et al: Effects of prolonged oxygen 
exposure at 1.5, 2.0, or 2.5 ATA on 
pulmonary function in men [Predictive 
Studies V]. J Appl Physiol 86:243–259, 
1999, by permission.)
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in vital capacity as an index of pulmonary 
oxygen poisoning in conjunction with 
the empiric observation that the oxygen 
pressure–exposure duration relation for a 
specifi c manifestation of oxygen poisoning 
can be described by a rectangular hyperbola 
(see Fig. 23.5), investigators derived predic-
tive curves to provide practical guidelines 
for applications of hyperoxia in therapy and 
diving.2,9,140 The hyperbolic curves shown in 
Figure 23.22 describe oxygen pressure–
exposure duration relations for average vital 
capacity decrements ranging from 2% to 
20%. With vertical and horizontal asymptotes 
at zero time and 0.5 ATA (50 kPa) O2, these 
initial pulmonary oxygen tolerance curves 
were derived from vital capacity data in 11 
subjects exposed to O2 at 2.0 ATA (202 kPa),83 
4 subjects at 0.98 ATA (99 kPa),136 and 6 sub-
jects at 0.78 to 0.88 ATA (79–89 kPa).141 

The vertical asymptote at zero time implies 
that onset and progression of pulmonary 
oxygen poisoning are immediate at an infi -
nitely high oxygen pressure. Selection of 
0.5 ATA (50 kPa) as the horizontal oxygen 
pressure asymptote was based on the 
absence of detectable changes in vital 
cap acity during exposure to the oxygen 
pressure–exposure duration conditions sum-
marized in Figure 23.23.

The data points on the curves in Figure 23.22 
represent the maximum durations for the con-
tinuous oxygen exposures of Predictive Studies 
V.116,133 Vital capacity data from 48-hour expo-
sures to air at 5.0 ATA (505 kPa) (1.05 ATA or 
106 kPa O2) performed by Eckenhoff and col-
leagues142 have also become available since the 
original tolerance curve derivation. Revision of 
the early pulmonary oxygen tolerance curves 
based on integration of an expanded dataset 
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Figure 23.21 Pulmonary function changes 
during and after O2 breathing at 2.5 atmo-
spheres absolute (ATA; 252 kPa) for 5 to 
6 hours. Average changes in slow vital capacity 
(SVC), 1-second forced expired volume 
(FEV1.0), and maximal midexpiratory fl ow rate 
(FEF25-75) for two subjects who had unusually 
large defi cits are compared with corresponding 
values in six other subjects who had much 
smaller changes. Control measurements at 
2.5 ATA (252 kPa) were obtained during early 
O2 exposure. Pre-exposure control measure-
ments at 1.0 ATA (101 kPa) were used for the 
postexposure data. (From Clark JM, 
Lambertsen CJ, Gelfand R, et al: Effects 
of prolonged oxygen exposure at 1.5, 
2.0, or 2.5 ATA on pulmonary function 
in men [Predictive Studies V]. J Appl 
Physiol 86:243–259, 1999, by 
permission.)
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for open literature publication currently is in 
progress.

Unit Pulmonary Toxic Dose Concept

Many therapeutic applications of hyperoxia in-
volve exposures to more than one oxygen pres-
sure. Because oxygen poisoning occurs more 
rapidly at higher pressures, the same exposure 
duration does not cause equivalent degrees of 
intoxication at each pressure. Rather than cal-
culating total oxygen dose as a sum of different 
oxygen pressures and exposure durations, this 

process has been facilitated by expressing ex-
posures to different oxygen pressures in terms 
of an equivalent exposure to a standard refer-
ence level of hyperoxia. The “unit pulmonary 
toxic dose” concept was designed to express 
any toxic oxygen dose in terms of the number 
of minutes required to produce an equivalent 
degree of pulmonary effect during exposure to 
O2 at 1.0 ATA (101 kPa).143,144 Pending publica-
tion of the revised analysis of pulmonary oxy-
gen tolerance, the numeric unit pulmonary 
toxic dose value for a given oxygen pressure–
exposure duration condition may change, but 
the concept will remain the same.

PREDICTED PULMONARY OXYGEN TOLERANCE IN MAN
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tolerance in healthy men. (From Clark JM: 
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and Medicine of Diving, 5th ed. 
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Alternative mathematic descriptions of ox-
ygen tolerance data have been proposed by 
Harabin and coworkers145 using a nonlinear 
least-squares analysis with a simplifi ed linear 
description of decrease in vital capacity, and 
by Arieli and colleagues146 using a power ex-
pression to describe vital capacity changes. 
These alternatives have been discussed briefl y 
in a previous review.2

Defi nition of Neurologic Oxygen 
Tolerance

The observed progressive decrements in the 
timing component of ventilation during O2 
breathing at 1.5, 2.0, 2.5, and 3.0 ATA (151, 202, 
252, and 303 kPa, respectively) (see Fig. 23.11) 
provide an objective preconvulsive index of 
neurologic oxygen poisoning. Applying the 
same principles that were used to defi ne 
pulmonary oxygen tolerance, the oxygen 
pressure–exposure duration relation for a spe-
cifi c neurologic effect of oxygen toxicity can 
be described by a rectangular hyperbola with 
vertical and horizontal asymptotes. Zero time is 
again selected as the vertical asymptote on the 
assumption that neurologic effects will occur 
immediately at an infi nitely high oxygen pres-
sure. The horizontal asymptote was determined 
analytically by plotting the slopes describing 
rates of decrease in TI/TT (see Fig. 23.11) 

against the corresponding O2 exposure pres-
sures (Fig. 23.24) and extrapolating the result-
ing linear regression to a slope value of zero at 
1.3 ATA (131 kPa), implying that TI/TT would 
remain stable at lower O2 pressures.

Using a 5% decrease in TI/TT as a specifi c 
degree of toxic effect, the hyperbolic curve 
shown in Figure 23.25 predicts oxygen 
pressure–exposure duration relations that 
would produce this early preconvulsive mani-
festation of neurologic oxygen poisoning. 
With the selected asymptotes, location of the 
curve is determined by four data points ob-
tained from the regression equations shown in 
Figure 23.11. For comparison with the neuro-
logic curve, a pulmonary oxygen tolerance 
curve based on a 5% decrease in vital capacity 
is also shown in Figure 23.25. With asymptotes 
at zero time and 0.5 ATA (50 kPa), location of 
the pulmonary curve is determined by data 
points at 2.5, 2.0, and 1.5 ATA (252, 202, and 
151 kPa, respectively) (see Fig. 23.17) and 
at 1.05 ATA (106 kPa) from Eckenhoff and 
colleagues.142

Limitations of Oxygen Tolerance 
Predictions

It is important to recognize that the curves in 
Figure 23.25 represent average responses to a 
toxic stress for which individual responses are 
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known to vary widely. Individual oxygen toler-
ance may also be affected by coexisting disease 
and drug infl uences. The curves are based on 
data obtained from single exposures of healthy 
subjects. Possible cumulative effects from re-
peated exposures have not been studied exten-
sively. Even for single exposures, the curves 
represent conditions that produced measur-
able toxic effects. Although it would be justifi -
able to approach or even exceed the described 
limits for life-threatening conditions such as 
gas gangrene or severe decompression sick-
ness, elective therapy protocols should stay as 
far to the left of the curves as possible while 
achieving desired therapeutic effects. Despite 
these reservations, HBOT has a high therapeu-
tic index with a favorable risk-to-benefi t ratio 
when it is used appropriately. In addition, the 
curves shown in Figure 23.25 were derived 
from data obtained during continuous oxygen 
exposures and, therefore, do not refl ect the 
known amelioration of adverse effects by inter-
mittent periods of breathing chamber air or a 
normoxic gas mixture (see later).

MODIFICATION OF OXYGEN 
TOLERANCE

Studies in animals have shown that the onset 
and rate of progression of oxygen poisoning 
can be infl uenced by a variety of conditions, 
procedures, and drugs.9 Although few of these 

agents have been studied in humans exposed to 
hyperoxia, the animal data indicate that febrile 
patients or those with increased levels of cate-
cholamines, adrenocortical hormones, or thy-
roid hormones may have an increased suscepti-
bility to oxygen poisoning. The adverse effects 
of arterial hypercapnia on neurologic oxygen 
tolerance are well documented in humans and 
in animals.9,84 Potential sources of CO2 accumu-
lation in a clinical setting include inadequate 
ventilation of an oxygen hood, excessive dead 
space in the oxygen delivery system, and nar-
cotic respiratory depression in the patient. Pa-
tients who have chronic lung disease with hy-
percapnia may be at risk for development of 
seizures and pulmonary barotrauma.

Any patient who has a preexisting disorder 
or condition that can cause seizures may also 
have an increased susceptibility to oxygen-
induced convulsions. In a group of 900 pa-
tients who received HBOT for carbon monox-
ide poisoning, the overall seizure incidence 
rate was 1.8%.147 When the data were analyzed 
on the basis of maximum treatment pressure, 
the incidence rate ranged from 0.3% at 2.4 ATA 
(242 kPa) (N 	 300) to 2.5% at 2.8 to 3.0 ATA 
(283–303 kPa) (N 	 600). In patients who 
have no known predisposing conditions, the 
seizure incidence rate varies from an early 
estimate of 0.01% at treatment pressures of 
2.0 to 3.0 ATA (202–303 kPa)148,149 to more 
recent estimates of 0.015% (107,264 thera-
pies), 0.030% (20,328 therapies), and 0.035% 
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(11,376 therapies) in three large surveys of 
patients treated at oxygen pressures of 2.4 to 
2.6 ATA (242–263 kPa).150 In a group of 998 
patients who received a total of 2166 thera-
pies for decompression sickness at peak pres-
sures of 2.6 to 2.9 ATA (263–293 kPa), a seizure 
incidence rate of 0.6% was reported.151

Extension of Oxygen Tolerance

Several potential means for extension of oxy-
gen tolerance134 were discussed in a sympo-
sium152 dedicated to that topic. To date, the 
only agent or procedure that has been demon-
strated to be effective in humans is the inter-
ruption of oxygen breathing by periodic reduc-
tion of the inspired PO2. The practical value of 
this procedure was recognized in World War II 
fi eld operations in which it was observed that 
a self-contained oxygen diver could reverse 
early signs of neurologic oxygen poisoning by 
ascending to a shallower depth for a period 
before returning to deeper water.134 Subse-
quent studies in guinea pigs demonstrated that 
early manifestations of oxygen toxicity during 
O2 breathing at 3.0 ATA (303 kPa) could be 
delayed signifi cantly by alternating 30-minute 
periods of oxygen breathing with 10-minute 

periods of normoxia (7% O2).153 In experi-
ments designed to determine effi cient meth-
ods for oxygen tolerance extension, Hall154 
evaluated many additional patterns of intermit-
tent oxygen exposure in guinea pigs exposed 
to O2 at 3.0 ATA (303 kPa). Selected results of 
the guinea pig experiments,154 in conjunction 
with a study of human pulmonary tolerance to 
continuous O2 breathing at 2.0 ATA (202 kPa),83 
were incorporated into the design of a related 
human study155 that demonstrated that pul-
monary tolerance to O2 breathing at 2.0 ATA 
(202 kPa) could be more than doubled by alter-
nating 20-minute O2 exposure periods with 
5-minute normoxic intervals (Fig. 23.26).

Harabin and coworkers156 investigated the 
possibility that extension of oxygen tolerance 
by intermittent exposure may be related to 
increased activities of antioxidant enzymes. 
Guinea pigs and rats were exposed either 
continuously to O2 at 2.8 ATA (283 kPa) or 
intermittently on a schedule that alternated 
10-minute oxygen periods with 2.5-minute 
periods of air breathing (0.56 ATA or 56 kPa 
O2). Activities of SOD, catalase, and glutathi-
one peroxide in the brain and lung of both 
species were measured at equivalent dura-
tions of continuous and intermittent oxygen 
exposure. Although the expected delay of 
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Figure 23.26 Extension of pulmonary ox-
ygen tolerance at 2.0 atmospheres absolute 
(ATA; 202 kPa) in healthy men. The curve 
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obtained from Clark and Lambertsen.83 The 
curve for intermittent O2 exposure was 
adapted from Hendricks and colleagues,155 
and the indicated duration of oxygen breath-
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mittent, 20-minute O2 periods. (From 
Clark JM, Thom SR: Oxygen under 
pressure. In: Brubakk AO, Neuman TS 
[eds]: Bennett and Elliott’s Physiology 
and Medicine of Diving, 5th ed. 
Philadelphia, WB Saunders Company, 
2003, pp 358–418, by permission.)
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convulsions and lengthening of survival times 
were observed, concurrently with changes in 
antioxidant enzyme activities, the patterns of 
enzyme changes in both species were com-
plex and did not correlate with the associated 
gains in oxygen tolerance.

Optimization of Oxygen Tolerance 
Extension by Intermittent Exposure

To identify effective intermittent exposure 
patterns for selective evaluation in human sub-
jects, researchers exposed rats to systemati-
cally varied patterns of intermittent exposure 
at 4.0, 2.0, and 1.5 ATA (404, 202, and 151 kPa, 
respectively).79 Oxygen exposure periods of 
20, 60, or 120 minutes were each alternated 
with normoxic intervals whose durations were 
selected to provide oxygen/normoxia ratios of 
4:1, 2:1, and 1:1 at each pressure. Hypotheti-
cally, it was expected that toxic effects of an 
excessively long oxygen period would not 
rapidly reverse during the subsequent nor-
moxic interval. It was also anticipated that 
brief normoxic intervals would not allow 
adequate reversal of toxic effects from even 
relatively short oxygen periods.

Median survival times for all of the inter-
mittent exposure patterns that were evalu-
ated at 1.5, 2.0, and 4.0 ATA (151, 202, and 
404 kPa, respectively) are plotted against 
durations of the corresponding normoxic 
intervals in Figure 23.27. In general, there was 
a nearly linear increase in survival time as the 
normoxic interval was lengthened, whereas 
the oxygen period remained constant at each 
pressure. One exception to the general rule 
occurred at 4.0 ATA (404 kPa) where survival 
time for the 120:30 oxygen/normoxia pattern 
was 12% shorter than the control survival 
time for continuous exposure. Typically, rats 
died during a 30-minute normoxic interval 
when the preceding 120-minute oxygen peri-
ods produced enough lung damage to cause 
lethal hypoxemia on return to a normoxic 
atmosphere. Additional exceptions occurred 
at both 4.0 and 2.0 ATA (404 and 202 kPa) 
where the 20:5 pattern was totally ineffective, 
presumably because the 5-minute normoxic 
interval did not allow adequate recovery.

During intermittent oxygen exposure at 
1.5 ATA (151 kPa), however, none of the ex-
ceptions that occurred at higher pressures 
was observed (see Fig. 23.27). At this pres-
sure, where oxygen poisoning would be 

50

45

40

35

30

25

20

15

10

5

0
0 20 40 60 80 100 120 140 160 180 200

M
ed

ia
n 

S
ur

vi
va

l t
im

e 
(h

ou
rs

)

Normoxic Interval Duration (min)

1.5 ATA

2.0 ATA

4.0 ATA

20-min O2

120-min O2

60-min O2

Figure 23.27 Relations of median survival times to normoxic interval durations for O2 periods of 20 (open cir-
cles), 60 (solid circles), and 120 minutes (open triangles) at 1.5, 2.0, and 4.0 atmospheres absolute (ATA; 
151, 202, and 404 kPa). Dashed lines in the curves for 60-minute O2 periods at 2.0 and 4.0 ATA refl ect that a 
5-minute normoxic interval was not evaluated under those conditions. In general, there was a nearly linear in-
crease in survival time as normoxic interval was lengthened, whereas the O2 period remained constant. (From 
Clark JM, Lambertsen CJ, Gelfand R, Troxel AB: Optimization of oxygen tolerance extension in rats 
by intermittent exposure. J Appl Physiol 100:869–879, 2006, by permission.)

              



CHAPTER 23 Oxygen Toxicity 557

expected to develop more slowly, equivalent 
survival time extensions were obtained with 
the 120:30, 60:15, and 20:5 exposure pat-
terns (Fig. 23.28). An exception that did 
occur at 1.5 ATA (151 kPa) was the observa-
tion that the 20:10 pattern was signifi cantly 
more effective than either the 120:60 or 
60:30 pattern. In addition, the combination 
of 120-minute oxygen periods with recovery 
intervals of equal duration produced no 
deaths in an exposure that was continued for 
60 oxygen hours or 120 total hours. At the 
time of discontinuation, the rats did not ap-
pear to be in a preterminal state at an expo-
sure duration that already represented a 
126% increment in median survival time.

Berghage and Borkat157 have proposed that 
the rate of development of oxygen poisoning 
during intermittent exposure is equivalent to 
that which occurs during continuous expo-
sure to a constant oxygen pressure that is 
defi ned as a time-weighted average of the 
alternating oxygen and normoxic exposure 
periods. This hypothesis was examined by cal-
culating time-weighted average oxygen pres-
sures for each of the intermittent exposure 

patterns that were evaluated at 4.0, 2.0, and 
1.5 ATA (404, 202, and 151 kPa), and then com-
paring the observed median survival time for 
each pattern to the predicted survival time for 
continuous exposure to the corresponding 
time-weighted average PO2 (Fig. 23.29). Pre-
dicted survival times were determined by 
interpolation on the regression line fi tted to 
observed survival times for continuous expo-
sures at oxygen pressures of 4.0, 3.0, 2.0, 1.5, 
and 1.0 ATA (404, 303, 202, 151, and 101 kPa, 
respectively). Although many of the median 
survival times for intermittent exposure fall on 
or near the line for continuous exposure, 
many other intermittent exposure patterns, 
especially those performed at 4.0 ATA (404 kPa), 
produced survival time extensions that 
exceeded the predictions based on continu-
ous exposures to the corresponding time-
weighted average oxygen pressures.

Quantitative differences between observed 
and predicted survival times are summarized 
in Table 23.3 for all of the intermittent expo-
sure patterns except for two in which no 
deaths occurred. The overall average deviation 
from the regression line in Figure 23.29 for 

100

90

80

70

60

50

40

30

20

10

0
0 5 10 15 20 25 30 35 40 45 50 55

P
er

ce
nt

 M
or

ta
lit

y

Oxygen Hours

Control
1.5 ATA

60:15

20:5

120:30

120:60

60:30

20:10

No Deaths on 
120:120 Pattern 

at 60 Oxygen Hours

Figure 23.28 Survival time responses to 
intermittent exposure patterns at 1.5 atmo-
spheres absolute (ATA; 151 kPa). The solid, 
continuous exposure curve represents 
survival times in 24 rats. Each intermittent 
exposure contained 20 rats. Each step indi-
cates the death of one or more rats, plotted 
against accumulated O2 hours. Survival times 
for rats that died during a normoxic interval 
are plotted at the end of the previous O2 pe-
riod. All 20 rats remained alive when the 
120:120 intermittent exposure pattern was 
stopped at 60 O2 hours. (From Clark JM, 
Lambertsen CJ, Gelfand R, Troxel AB: 
Optimization of oxygen tolerance exten-
sion in rats by intermittent exposure. 
J Appl Physiol 100:869–879, 2006, 
by permission.)
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the six patterns at 1.5 ATA (151 kPa) in which 
deaths occurred was �2%. The average devia-
tion at 2.0 ATA (202 kPa) for the nine patterns 
in which deaths occurred was 12%, whereas 
the same patterns at 4.0 ATA (404 kPa) had 
an average deviation of 28%. Exclusion of the 

differences obtained for the 20:5 and 120:30 
patterns at 2.0 and 4.0 ATA (202 and 404 kPa) 
results in average deviations of 16% and 38%, 
respectively, for the remaining seven patterns 
at each pressure. These results are consistent 
with the conclusion that some protective 

Table 23.3 Percentage Change in Median Survival Time during Intermittent Oxygen Exposure 
at 4.0, 2.0, and 1.5 ATA (404, 202, and 151 kPa, Respectively) (with Respect 
to Interpolated Value on Regression Line for Continuous Exposure)

OXYGEN PERIOD NORMOXIC INTERVAL (MIN)

ATA MINUTES 5 10 15 20 30 60 120 180

4.0  20 �4* 42 36 35
 60 34 40 37 20
120 �16 39 40

2.0  20 �4 11 26
 60 15 17 28 †
120 3 10 5

1.5  20 0 7
 60 2 �7
120 �4 �9 †

*Percentage change in median survival time (total hours). Time-weighted average oxygen pressure calculated for each intermittent exposure pattern 
(see Fig. 23.29).

†No deaths.
ATA, atmospheres absolute.
From Clark JM, Lambertsen CJ, Gelfand R, Troxel AB: Optimization of oxygen tolerance extension in rats by intermittent exposure. J Appl Physiol 

100:869–879, 2006, by permission.
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O2 pressure (ATA -0.7). The regression line is fi tted to 5 points (closed circles) that represent survival times for 
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Lambertsen CJ, Gelfand R, Troxel AB: Optimization of oxygen tolerance extension in rats by inter-
mittent exposure. J Appl Physiol 100:869–879, 2006, by permission.)
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infl uence is activated more effectively by in-
termittent exposures to greater oxygen pres-
sures. The observed differences in response to 
intermittent oxygen exposure at pressures of 
1.5, 2.0, and 4.0 ATA (151, 202, and 404 kPa) 
also resemble the development of thermotol-
erance in which induction of a protective re-
sponse requires a threshold level of stress and 
the magnitude of protection is proportional 
to the severity of the inducing stress.158

No direct evidence currently exists that heat 
shock or oxidation-specifi c stress proteins are 
involved in oxygen tolerance extension by 
intermittent exposure. However, the previously 
reviewed examples of cross-protection against 
oxidant stress provided by hyperthermic pre-
conditioning of cultured human umbilical vein 
endothelial cells70 or intact rats,71 as well as the 
failure to fi nd evidence for involvement of clas-
sical antioxidant enzymes,156 indicate that this 
may be a fruitful area for future studies. 
Although intermittent exposure to 4.0 ATA 
(404 kPa) O2 is not practical for therapeutic 
purposes, investigation of the biochemical ba-
sis for the increased oxygen tolerance associ-
ated with brief exposures to this PO2 may ulti-
mately provide more effective methods than 
those currently available for optimization of 
oxygen tolerance extension by intermittent 
exposure.

 7. Clark JM: The toxicity of oxygen. Am Rev Resp Dis 
110:40–50, 1974.
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The eye is a complex sensory organ that may 
be adversely affected as a side effect of hyper-
baric oxygen therapy (HBOT). Aspects of 
anatomy and physiology of the eye affect 
HBOT. In addition, ocular contraindications to 
HBOT exist. Finally, the hyperbaric physician 
should be aware of the timing and conduct of 
pretreatment and post-treatment eye exami-
nations, as well as examinations of ocular 
status appropriate for use in the hyperbaric 
chamber.

REVIEW OF PERTINENT ANATOMY 
AND PHYSIOLOGY OF THE EYE

To understand how the eye may be affected 
by environmental stressors, including HBOT, 
one must appreciate its unique anatomic and 
physiologic properties.1 In the process of 
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producing the sensory experience that we 
perceive as vision, incident light passes 
through the cornea of the eye, the anterior 
chamber, the pupil, the posterior chamber, 
the crystalline lens, and the vitreous body 
before reaching the retina (Fig. 24.1). The cor-
nea provides approximately two thirds of the 
refracting power needed to focus light on the 
retina, with the lens providing the other third. 
The anterior chamber, posterior chamber, and 
vitreous body are fi lled with noncompress-
ible fl uid, which means that the eye should 
not be adversely affected by changes in pres-
sure (barotrauma) unless a gas space exists 
adjacent to the eye (as with a face mask) or 
gas is iatrogenically or traumatically placed 
inside the eye. Light reaching the retina stim-
ulates the photoreceptor cells, which then 
stimulate the ganglion cells. The confl uence 
of the afferent portions of the ganglion cells 
is seen as the optic disc. These cells then exit 
the eye as the optic nerve to carry visual 
stimuli back to the occipital cortex of the 
brain via the optic nerve, chiasm, and tract. At 
the middle and posterior aspects of the eye, 
the globe is composed of three main layers: 
the whitish sclera, the vascular uveal tract, 
and the sensory retina. The uveal tract is fur-

ther divided into the posterior choroid, the 
iris visible in the anterior portion of the eye, 
and the intermediate ciliary body. The retina 
is likewise further divided into nine distinct 
layers.

Vision may be adversely affected by any fac-
tor that prevents light from reaching the retina 
or being sharply focused in the retinal plane. 
Vision may also be affected by environmental 
injury to the photoreceptor cells, injury to the 
occipital cortex, or any afferent structure car-
rying visual stimuli between these two areas.

The arterial supply to the eye is provided 
by the ophthalmic artery, a branch of the in-
ternal carotid artery that passes through the 
cavernous sinus. Some of the branches of the 
ophthalmic artery (lacrimal, supraorbital, 
ethmoidal, medial palpebral, frontal, dorsal 
nasal) supply orbital structures, whereas oth-
ers (central artery of the retina, short and 
long posterior ciliaries, anterior ciliaries) 
supply the tissues of the globe.1 The central 
retinal artery enters the globe within the 
substance of the optic nerve and supplies 
the inner layers of the retina. The long poste-
rior ciliary arteries provide blood to the cho-
roid and the outer layers of the retina. About 
20 short posterior ciliary arteries and usually 
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divers, CNS oxygen toxicity is not seen at 
shallow depths, but it begins to be a factor 
as the partial pressure of oxygen (PO2) in 
the diver’s breathing mix exceeds about 1.3 
atmospheres absolute (ATA) and increases 
exponentially thereafter as the PO2 contin-
ues to increase. CNS oxygen toxicity is 
characterized by sudden onset and (usu-
ally) a rapid relief from symptoms once the 
PO2 is reduced to nontoxic levels. The risk 
for CNS oxygen toxicity is modified sub-
stantially by factors such as exercise, im-
mersion, water temperature, total pressure, 
individual susceptibility, and the PCO2 in 
the breathing mix. The dry, resting condi-
tions experienced during HBOT reduce, but 
do not eliminate, the risk for CNS oxygen 
toxicity.

Ophthalmic Manifestations

Visual symptoms are a well-recognized mani-
festation of CNS oxygen toxicity.3–6 The most 
commonly described ocular symptoms of 
CNS oxygen toxicity are eyelid twitching, 
blurred vision, and visual fi eld constriction, 
although the latter symptom may represent 
retinal oxygen toxicity, as described later.2 
Visual hallucinations4 and transient unilateral 
loss of vision6 have also been reported. The 
single patient who experienced the unilateral 
visual loss had a previous history of retrobul-
bar optic neuritis in the index eye.6 Loss of 
the peripheral visual fi eld may be severe but 
is reversible on discontinuation of the hyper-
oxic exposure.

Treatment

When CNS oxygen toxicity is encountered, 
oxygen breathing should be discontinued 
immediately.7 In most cases, symptoms re-
solve within several minutes, although some 
episodes progress to generalized convulsions 
despite a reduction in the PO2. CNS oxygen 
toxicity typically is without residua, unless 
secondary trauma or other complications 
ensue from a convulsion. Oxygen breathing 
may be resumed 15 minutes after the symp-
toms of CNS oxygen toxicity subside. Should 

2 long posterior ciliary arteries are present. 
The posterior ciliary vessels originate from 
the ophthalmic artery and supply the entire 
uveal tract, cilioretinal arteries, the sclera, the 
margin of the cornea, and the adjacent con-
junctiva. The anterior ciliary arteries also 
arise from the ophthalmic artery, supply the 
extraocular muscles, and anastomose with 
the posterior ciliary vessels to form the ma-
jor arterial circle of the iris, which supplies 
the iris and ciliary body. In approximately 
15% to 30% of people, a cilioretinal artery is 
present. This artery is part of the ciliary arte-
rial supply but supplies the area of the retina 
around the macula (central vision area).

The cornea and lens are avascular struc-
tures. The cornea receives its oxygen supply 
both from the precorneal tear fi lm and the 
anterior chamber of the eye, whereas the oxy-
gen supply to the lens is provided by the pos-
terior chamber and the vitreous.1

OCULAR COMPLICATIONS 
OF HYPERBARIC OXYGEN THERAPY

Oxygen at high partial pressures may be 
toxic to multiple body tissues, including both 
the central nervous system (CNS) and the 
eye. Even in normoxic conditions, oxygen 
metabolism produces superoxide radicals 
and other potentially harmful reactive spe-
cies. These substances are removed by super-
oxide dismutase and other cellular defense 
mechanisms. In hyperoxic conditions, these 
defense systems may be overwhelmed by in-
creased radical production and oxygen toxic-
ity may ensue.2

Central Nervous System Oxygen 
Toxicity

Systemic Manifestations

CNS oxygen toxicity is a complex, nonlin-
ear disorder. Common systemic symptoms 
of CNS oxygen toxicity include muscle 
twitching, tinnitus, dysphoria, nausea, and 
generalized convulsion.3–5 In exercising 
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Progressive myopic changes are a known 
complication of repetitive treatments with 
HBOT.11–15 The rate of myopic change has 
been reported to be approximately 0.25 di-
opter/week with the change being progres-
sive throughout the course of HBOT.12 Hy-
peroxic myopia is generally attributed to 
oxidative changes causing an increase in 
the refractive power of the lens, because 
Anderson and Shelton13 have shown that 
axial length and keratometry readings did 
not reveal a corneal or axial length basis for 
the myopic shift. Reversal of the myopic 
shift after discontinuation of the HBOT usu-
ally occurs within 3 to 6 weeks but may 
take as long as 6 to 12 months.15 The PO2 in 
these exposures typically varies from 2.0 - 
3.0 ATA depending on the treatment proto-
col used, but hyperoxic myopia has also 
been reported in a closed-circuit mixed-gas 
scuba diver at a PO2 of 1.3 ATA, a lower par-
tial pressure than typically encountered in 
HBOT.16 The myopic shift in that individual 
resolved over a 1-month period after com-
pletion of the hyperoxic exposures.

Cataract Formation

Palmquist and coauthors14 have also re-
ported cataract formation in patients under-
going a prolonged course of daily HBOT 
at 2.0 to 2.5 ATA.14 Seven of 15 patients with 
clear lenses at the start of therapy experi-
enced development of cataracts during their 
course of treatment. Fourteen of these 
15 patients received a total HBOT time of 
between 300 and 850 hours. The lens opaci-
ties noted were not completely reversible 
after HBOT was discontinued. Figure 24.2 
shows a slit-lamp photograph of a nuclear 
sclerotic cataract. Hyperoxic myopia and 
subsequent cataract formation may there-
fore be considered to represent two levels 
of severity of lenticular oxygen toxicity. The 
high success rate of modern cataract surgery 
makes cataract formation an easily manage-
able complication of HBOT, and this side ef-
fect is not necessarily a reason to discon-
tinue therapy if there is a strong clinical 
indication for HBOT.

symptoms recur, consider reducing the PO2 
in the breathing mix.

Retinal Oxygen Toxicity

Oxygen can also be directly toxic to the tis-
sues of the eye. As early as 1935, Behnke and 
colleagues8 reported a reversible decrease in 
peripheral vision after oxygen breathing at 
3.0 ATA. Lambertsen and Clark and their col-
leagues also observed a progressive decrease 
in peripheral vision associated with hyper-
oxic exposures that probably represents a 
form of retinal oxygen toxicity.9,10 A decrease 
in peripheral vision was noted after approxi-
mately 2.5 hours of oxygen breathing at 
3.0 ATA in a dry chamber. This decrease 
was progressive until oxygen breathing was 
stopped at 3.5 hours. The average decrement 
in visual fi eld area was 50%. Recovery was 
complete in all subjects after 45 minutes of air 
breathing.10 A decrease in electroretinographic 
amplitude was noted as well but did not cor-
relate directly with the size of the visual fi eld 
defect and returned to normal more slowly 
after the termination of the hyperoxic expo-
sure.10 Visual acuity and visual cortical-evoked 
responses remained normal in all subjects.

Retinal oxygen toxicity is not commonly 
reported as a complication of HBOT, but the 
incidence may be under-reported because 
visual fi elds are not typically monitored dur-
ing the course of HBOT and the disorder is 
reversible after a return to normoxia.

Lenticular Oxygen Toxicity

Hyperoxic Myopia

The differential diagnosis of an acute myo-
pic shift includes osmotic changes in the 
lens of the eye caused by the hyperosmolar 
state found in untreated diabetes mellitus, 
systemic medications (especially diuretics), 
miotic eye medications, and ciliary spasm. 
In the setting of repeated exposures to 
hyperoxia, however, the condition known as 
hyperoxic myopia must be included in the 
differential.2
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Ocular Examination before Hyperbaric 
Oxygen Therapy

Documentation of ocular function before be-
ginning HBOT allows the diving and hyper-
baric medicine physician to have an objective 
measure of visual status. In this way, the ben-
efi t of therapy can be followed if HBOT is 
being performed for ocular indications, and 
any adverse effect of HBOT on visual status 
can be accurately quantifi ed to guide thera-
peutic decisions. Any time that a patient is 
being considered for what is likely to be a 
prolonged course of HBOT, a more thorough 
pretreatment eye examination is indicated. 
The eye examination should include docu-
mentation of corrected and uncorrected 
visual acuity, refraction, color vision, status of 
the crystalline lens, and fundus examination. 
Automated visual perimetry should be in-
cluded if clinically indicated. This examina-
tion should be repeated periodically when 
conducting long-term HBOT.

An exception to the above statement oc-
curs when an individual is being recom-
pressed on an emergent basis for disorders 
such as carbon monoxide poisoning, decom-
pression sickness, or arterial gas embolism. 
Delays for eye examinations may theoreti-
cally result in worsening of patient’s clinical 
condition and are not indicated especially 
because treatment regimens in these cases 

are typically short. If ocular signs or symp-
toms were part of the clinical presentation, as 
can occur with decompression sickness and 
arterial gas embolism, an abbreviated eye ex-
amination should be conducted periodically 
during treatment, and a complete eye exami-
nation as outlined in the previous paragraph 
should be conducted as soon as feasible after 
recompression. Automated visual perimetry 
should be included in these examinations if it 
is available.

OCULAR CONSIDERATIONS 
IN EVALUATIONS FOR HYPERBARIC 
OXYGEN THERAPY

Some ocular complications of HBOT can be 
avoided if candidates for HBOT are screened 
appropriately for ocular conditions that pre-
clude safe compression in a hyperbaric cham-
ber. From an ocular perspective, the HBOT 
evaluation for treatment is signifi cantly dif-
ferent from those published for divers.2 
There is less concern about adequate visual 
acuity because the patient may be assisted as 
needed in the HBOT environment. Decom-
pression issues are typically not a factor be-
cause the patient will be breathing 100% 
oxygen in most cases, except for short air 
breaks. The prescribed convalescent period 
before resumption of diving activity after 

Figure 24.2 Slit-lamp image of a nuclear 
sclerotic cataract. (See Color Plate 30.) 
(Courtesy Dr. David Harris.)
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ocular surgery should typically not be re-
quired because the potential for face-mask 
barotrauma and water intrusion into an ocu-
lar operative site will not be present in a re-
compression chamber. Recompression in a 
chamber after the various types of refractive 
surgery should likewise not pose a problem. 
Glaucoma is not a contraindication to HBOT, 
despite the presence of increased ambient 
(and intraocular) pressures. However, several 
ocular conditions do remain as contraindica-
tions to HBOT.

Enucleation (only if a hollow orbital 
prosthesis was used)

Some reports have described pressure-in-
duced collapses of hollow silicone orbital 
implants at depths as shallow as 10 feet.17 A 
hollow glass implant was also tested and 
did not implode at a maximum test depth of 
115 feet, but diving with hollow glass im-
plants cannot be recommended on the basis 
of this one test. Individuals with hollow or-
bital implants should not be subjected to in-
creased ambient pressures. Most ocular im-
plants currently in use, however, are not 
hollow and should not be considered a con-
traindication to diving or HBOT. The offi ce 
of the ophthalmologist who performed the 
enucleation should be able to help in deter-
mining the nature of the orbital prosthesis 
that was implanted.

Presence of an Intraocular Gas Bubble

Intraocular gas is used by both vitreoretinal 
and anterior segment surgeons as an intra-
ocular stent to maintain juxtaposition of the 
retina to the retinal pigment epithelium or 
the corneal endothelium to Descemet’s me-
mrane. Figure 24.3 shows a slit-lamp photo-
graph of bubbles in the anterior chamber of 
the eye. Gas in the eye may cause intraocular 
barotrauma during compression or a central 
retinal artery occlusion during decompres-
sion and is an absolute contraindication to 
exposure to changes in ambient pressure.18 
Intraocular gas bubbles have been noted to 
expand even with the relatively small de-
crease in ambient pressure entailed in com-
mercial air travel.19,20 This expansion causes 
an increase in intraocular pressure19,21 and 
may cause sudden blindness due to pres-
sure-induced closure of the central retinal 
artery.19,22 Should this occur, immediate re-
compression of the cabin to a lower altitude 
may be rapidly benefi cial as the size of the 
gas bubble is reduced, the pressure in the 
eye is decreased, and blood fl ow in the cen-
tral retinal artery is restored.22 One impor-
tant exception to the discussion about intra-
ocular gas bubbles is the presence of gas 
bubbles in the eye that may occur as a mani-
festation of decompression sickness. Recom-
pression and HBOT should be undertaken 
in this instance with the expectation that 

Figure 24.3 Gas bubbles in the anterior 
chamber. (See Color Plate 31.) 
(Courtesy Dr. Steve Chalfi n.)
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(1) the normal volume of the anterior cham-
ber, posterior chamber, and vitreous before 
the formation of the gas bubble because of 
inert gas supersaturation will prevent com-
pression barotraumas, and that (2) resolu-
tion of the intraocular bubbles because of 
HBOT will prevent an expanding gas phase 
on decompression with a resultant rise in 
intraocular pressure. 

EVALUATING VISUAL FUNCTION 
DURING HYPERBARIC OXYGEN 
THERAPY

Individuals with decompression sickness or 
arterial gas embolism who present with ocu-
lar signs or symptoms will require evaluations 
of their visual status during treatment. Visual 
acuity should be measured with a near vision 
card (with refractive correction for age as 
appropriate). Color vision can be monitored 
with pseudo-isochromatic plates at depth, and 
central visual fi elds may be evaluated with 
repetitive Amsler grid testing. Large defects in 
peripheral vision may be detected with con-
frontation visual fi elds. These measures of vi-
sual  function are easily accomplished in a 
multiplace chamber; some of them may also 
be feasible in a monoplace chamber.

MINIMIZING OCULAR 
COMPLICATIONS FROM 
HYPERBARIC OXYGEN THERAPY

Winkle and colleagues23 demonstrate that ex-
posing postradial keratotomy corneas to 100% 
nitrogen via goggles at 1 atmosphere for 
2 hours caused a signifi cant hyperopic shift of 
1.24 diopters and corneal fl attening of 
1.19 diopters. Corneal thickness increased in 
both post-RK and control eyes but was not as-
sociated with a hyperopic shift in control eyes. 
This demonstrates that the PO2 in the precor-
neal gas space is more important than inspired 
PO2 in determining the physiologic effect of 
the gas mix on the cornea.18 Jampol24 demon-
strates that 100% oxygen as the precorneal gas 
caused marked increases in the PO2 in the 

anterior chamber over those seen in animals 
breathing the same PO2 but exposed to a 
precorneal oxygen fraction of 20%.

This research suggests that use of an orona-
sal mask as an oxygen delivery device instead 
of a hood should reduce the oxygen dose to 
the eye. In this way, the precorneal gas can 
be maintained nearer to a normal oxygen 
fraction. Evanger and coauthors25 have stud-
ied this potential approach to reducing len-
ticular oxygen toxicity and demonstrate a 
reduction of the observed myopic shift by ap-
proximately 50% when HBOT patients were 
supplied with oxygen via mask instead of 
hood. Unfortunately, most patients fi nd hoods 
more comfortable, but patients can be offered 
a choice when appropriate or possible.
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All patients who receive hyperbaric oxygen 
therapy (HBOT) will experience development 
of some form of cardiovascular reaction to the 
hyperoxic environment either by expected reg-
ulatory modifi cations in cardiac and circulatory 
function, or possibly by unexpected reactions 
to HBOT caused by known or unknown comor-
bidities that are affected by the HBOT environ-
ment. When considering cardiovascular aspects 
of HBOT, it is worthwhile to examine the 
known effects of HBOT on circulatory regula-
tion, cardiac function, and cardiovascular dis-
ease states, and to examine the value of HBOT 
in cardiovascular disorders.

OXYGEN EFFECTS 
ON CARDIOVASCULAR REGULATION

Exposure to partial pressures of oxygen (PO2) 
greater than 2 atmospheres absolute (ATA) is 
known to induce arteriolar vasoconstriction 
and increase systemic vascular resistance.1 The 
mechanism for this change has been studied by 
a number of investigators. Abel and colleagues1 
have found that systemic vascular resistance 
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that parasympathetic activity and arterial-
cardiac barorefl ex function increased with 
hyperoxia in a dose-dependent manner. Their 
data support the parasympathetic stimula-
tory effects of increased PO2 beyond 1 atmo-
sphere. Sun and investigators3 examined 
heart rate variability as a measure of auto-
nomic integrity. They treated 23 patients 
with diabetic foot at 2 ATA for 90 minutes 
daily for 20 treatments. Compared with a 
control group, the patients who received 
HBOT showed an increase in RR-interval 
variability and high- and low-frequency 
power (indicators of parasympathetic or 
sympathetic activity) obtained by frequency 
analysis of the electrocardiogram. They inter-
preted these changes as indicating that HBOT 
increased vagal tone and improved cardiac 
neural regulation. Shibata and coworkers2 
evaluated neuroregulation in healthy sub-
jects exposed to 21% to 100% oxygen at 1 
ATA. They found a decreasing heart rate with 
increasing PO2, indicating that vagal tone was 
increased with increased PO2. In addition, 
frequency analysis of the electrocardiogram 
demonstrated that high-frequency variability 
changes indicated an increase in vagal tone. 
The low-frequency variability, however, was 
unchanged, suggesting that sympathetic ac-
tivity was not changed by HBOT.

Lund and coauthors4 examined the effects 
of HBOT and age on vagal activity. Their sub-

was related to inspired PO2 in a linear fashion 
until PO2 reached 3 ATA. Systemic vascular 
resistance showed an increase of about 10% 
comparing air at 1 ATA with 100% oxygen at 
3 ATA. Vasoconstriction mechanisms are 
thought to be related to reduction of nitric 
oxide (·NO) production in endothelium that 
results for increased oxidation of the ·NO radi-
cal, and loss of the vasorelaxation effect of en-
dothelial produced ·NO. Others suggest that 
alterations in other vasodilator compounds 
such as prostaglandins may play some role, and 
still others indicate that central vasoregulation 
is also affected by HBOT resulting in vasocon-
striction. Figure 25.1 summarizes the hemody-
namic effects of 1 and 3 ATA 100% oxygen.

VAGAL EFFECTS

Current evidence indicates that HBOT re-
sults in increased vagal activity with resul-
tant sinus bradycardia. Some studies present 
evidence for a concomitant increase in sym-
pathetic tone that results in systemic vaso-
constriction and increased blood pressure. 
These changes are well tolerated in patients 
with normal cardiovascular function but can 
result in clinical deterioration in patients 
with compromised cardiac function. Shibata 
and coworkers2 examined the heart rate 
response to 3 ATA PO2. Their data indicate 
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jects were patients undergoing HBOT at 
2.5 ATA for osteomyelitis and osteoradione-
crosis. In patients older than 50 years, there 
were no effects of HBOT, but in younger pa-
tients, there was a positive vagal effect of 
HBOT. West and colleagues5 examined the ef-
fect of HBOT at 2.8 ATA on vagal tone during 
exercise. Exposure did not show an effect on 
heart rate variability. This fi nding confl icts 
with the fi ndings of Sun3 noted earlier. Lund 
and coauthors6 used heart rate variability and 
power analysis from the electrocardiogram to 
determine the effects of 2.5 ATA and con-
fi rmed the increased vagal tone associated 
with HBOT.

In addition to a reduced heart rate with 
HBOT exposure, changes in conduction and 
premature contractions can be found during 
HBOT. Eckenhoff and Knight7 examined the 
cardiac rate and rhythm in 81 healthy subjects 
who were exposed to air saturation chamber 
experiments at depths of 2 to 132 feet sea 
water (fsw). They found heart rate reductions 
of 30% to 40% with prolongation of the Q̇T 
interval that was consistent with the reduced 
heart rate. Junctional escape rhythms or iso-
lated premature beats were noted in 10% of 
their subjects. They found occasional ventric-
ular premature beats during the exposures 
occurring at the same frequency as that found 
before exposure. These exposures were de-
signed to simulate the diving environment, 
and the authors believe that the bradycardia 
noted in the exposures was related to both 
hyperoxia and increased pressure. Animal 
studies also confi rm the HBOT effects ob-
served in human studies. Doubt and Evans8 
examined the effects of PO2 (2 ATA) and pres-
sure (31 ATA by helium compression) on car-
diac rhythm and conduction and cardiac 
contractility in anesthetized cats. Helium com-
pression to 31.3 ATA decreased the heart rate 
and prolonged the PR and Q̇T intervals inde-
pendently of changes in heart rate. They also 
note an increase in ventricular contractility. 
Increasing the PO2 produced a further de-
crease in heart rate but a shortening of the Q̇T 
interval. Their data, and data from other stud-
ies noted earlier, indicate that separate pres-
sure and oxygen effects result in increased 

vagal tone. Shida and Lin9 exposed awake rats 
to PO2 up to 1590 torr using gas mixtures con-
taining helium or nitrogen. In all cases, the 
bradycardia noted during hyperoxic exposure 
was related to the logarithm of PO2, not to 
concentrations of nitrogen or helium. Pres-
sure had small but measurable effects on the 
hyperoxic bradycardia. Lin and Shida10 have 
reviewed the mechanisms for hyperbaric bra-
dycardia. They identify two components of 
the bradycardia. They conclude that hyper-
oxia is the major factor responsible for initiat-
ing and maintaining hyperbaric bradycar dia. 
They also have identifi ed a nonoxygen-
dependent bradycardia that is likely due to 
altered respiratory patterns that secondarily 
cause a reduction in heart rate. The above 
studies support a direct effect of HBOT on 
vagal tone, resulting in a bradycardia. The re-
duced heart rate appears to be the result of 
HBOT, increased pressure, and possibly to ef-
fects of hyperbaria (e.g., increased gas density 
or viscosity) on respiratory function.

HEMODYNAMICS

Changes in afterload resulting from oxygen-
induced systemic vasoconstriction are noted 
earlier in this chapter. In the care of chroni-
cally ill patients undergoing HBOT for wound 
care, many patients will be susceptible to 
clinical deterioration because of cardiocircu-
latory instability induced by circulatory ef-
fects of HBOT. Molenat and investigators11 
have evaluated hemodynamic function using 
echocardiography at 1, 1.6, and 2.8 ATA in 
healthy subjects. Stroke volume, left atrial di-
mensions, and left ventricular (LV) dimensions 
were reduced under HBOT exposure, and in-
dices of LV function showed a reduction in 
overall performance. Savitt and coworkers12 
studied 10 dogs with HBOT at 3 ATA and 
increasing arterial PO2. LV stroke volume, car-
diac output, coronary blood fl ow, and myocar-
dial oxygen consumption were all signifi cantly 
reduced. A reduction of cardiac dimensions, 
stroke volume, and cardiac output in the 
presence of an increased afterload would sug-
gest that sympathetic tone is increased. The 
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vascular tone supports the systemic vasocon-
strictor effects of HBOT noted in several stud-
ies of human and animal exposures to HBO. 
They also found that extraendothelial ·NO 
was increased and attenuated the constrictor 
effects of norepinephrine. Further effects 
of HBOT on endothelium were proposed by 
Hong and coworkers,17 who studied ischemia-
reperfusion injury in a muscle fl ap prepara-
tion in the rat. Their data indicate that the cell 
adhesion molecule ICAM-1 (intercellular ad-
hesion molecule-1) was reduced, thus allow-
ing fewer neutrophils to adhere to endothe-
lium in the HBOT animals. These data are 
relevant to ischemia-reperfusion in myocar-
dium and suggest that HBOT might be benefi -
cial in patients who undergo an ischemia-
reperfusion event by revascularization during 
acute coronary syndrome (ACS). Tjärnström 
and colleagues18 have examined endothelial 
cells in vitro after an 8-hour anoxic exposure 
followed by reperfusion with HBO at 1.5 ATA. 
Their data indicate that HBO stimulates the 
release of fi brinolytic factors that could pre-
vent thromboses after ischemia-reperfusion. 
In a similar study of in vitro endothelial cell 
function, Buras and coworkers19 also docu-
mented a reduction in ICAM-1 and resultant 
reduction in neutrophil adhesion to endothe-
lial cells. They also found an HBO-induced in-
crease in endothelial ·NO synthetase that may 
have contributed to the changes in ICAM-1 in 
this model. These fi ndings were confi rmed in 
humans by Ueno and researchers,20 who ex-
amined 12 patients who underwent elective 
partial hepatectomy for liver cancer and were 
given 2 courses of HBOT at 2.0 ATM for 
60 minutes at 3 hours and 24 hours after 
hepatectomy; these patients were compared 
with 12 hepatectomy patients who did not 
receive HBOT. In the HBOT group, peak levels 
of polymorphonuclear leukocyte elastase and 
thrombomodulin were diminished compared 
with the control group. The incidence of hy-
perbilirubinemia and hepatic failure was 
lower in the HBOT group compared with the 
control group. Thom and colleagues21 report a 
reduction in �2-integrin–dependent neutro-
phil adherence in healthy human subjects 
exposed to HBO at 3 ATA. Although these 

increased afterload also supports a sympathet-
ic effect. Figure 25.1 shows typical changes in 
hemodynamics caused by oxygen breathing 
at 1 and 3 atmospheres.

MYOCARDIAL EFFECTS

In Wilson and colleagues’ study,13 10 divers 
were subjected to saturation exposure to 50 
to 60 fsw breathing nitrogen-oxygen mixtures. 
Bradycardia was noted in all divers, and it 
slowly reversed as the divers spent more time 
in the saturation exposure. By 8 days, the 
heart rate had returned to near control levels. 
Heart rate rapidly returned to baseline levels 
on decompression. In deeper exposures to 
200 fsw, several divers demonstrated right-
sided intraventricular conduction delay, sug-
gesting that the right ventricle was under 
increased strain in these deeper exposures. 
As noted by other authors, the Q̇T interval 
increased in conjunction with the slower 
heart rate. Nelson and investigators14 found 
no changes in cardiac metabolic enzymes af-
ter 4 weeks of HBOT at 2.4 ATA in rabbits. 
Doubt and Evans15 studied anesthetized cats 
exposed to helium oxygen at 1000 fsw. They 
found a progressive delay between onset of 
electrical and mechanical contraction with 
depth. Q̇T interval increased with depth at all 
heart rates. Contractile indices were enhanced 
with depth. They suggested that excitation-
contraction coupling was altered by the inter-
action between depth and heart rate. Although 
these effects were seen at high pressure, simi-
lar rate effects and Q̇T changes have been de-
scribed at HBOT pressures.

PERIPHERAL VASCULAR EFFECTS

The vasoconstrictor effects of HBOT noted 
earlier are now thought to be caused in part 
by altered endothelial function resulting in 
reduction of endothelium-derived vasodila-
tors. Hink and colleagues16 found reduced 
endothelium-derived ·NO in isolated aortic 
rings from rats exposed to hyperbaric oxygen 
(HBO) at 2.8 ATA. The resultant increase in 
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studies were undertaken in organs and tissue 
cultures not directly associated with cardiac 
tissue, the effects are similar in myocardium, 
and similar HBO effects on neutrophils, endo-
thelium, and endothelial vasoactive mediators 
would be expected to occur in myocardial 
tissue subjected to an ischemia-reperfusion 
injury.

HYPERBARIC OXYGEN THERAPY 
IN CARDIAC DISEASES

Hypertension

Patients scheduled for HBOT for wound care 
are often patients with combined cardiovascu-
lar risks including hypertension. In these pa-
tients, therapy for hypertension should be 
maintained and blood pressure measures dur-
ing therapy should be monitored because the 
known vasoconstrictive effects of HBOT may 
increase blood pressure during therapy. In gen-
eral, the interaction of HBOT and hypertension 
is of minimal consequence and ordinary pre-
cautions will prevent any inordinate increase 
in blood pressure during HBOT. The vasocon-
strictor effects of HBOT have been addressed 
in a number of studies. Hink and colleagues16 
suggest that a reduction in endothelial ·NO 
caused by oxidation of this vasodilator mole-
cule results in reduced vasodilation and a sub-
sequent increase in systemic vasoconstriction. 
Neubauer and investigators22 have found a de-
crease in cardiac output, heart rate, and stroke 
volume when compared with 1-atmosphere 
data. Peripheral vascular tone increase may 
contribute to the reduced cardiac output. Abel 
and colleagues1 have examined hemodynamic 
responses to HBOT at 3 ATA. They found a de-
crease in cardiac output, an increase in sys-
temic vascular resistance, and no change in 
PVR. They suggest that HBOT acted by in-
creased sympathetic activity and promote us-
ing caution in patients with heart failure. In 
patients with compromised LV function, an in-
creased afterload caused by peripheral vaso-
constriction may not be accompanied by an 
increase in blood pressure if the left ventricle 
cannot respond to the increased afterload with 

increased energy output to maintain cardiac 
output constant.

Bergo and Tyssebotn23 have examined the 
effects of CO2 on HBOT effects on hemody-
namics in rats exposed to 3 ATA. They confi rm 
the HBOT-induced vasoconstriction described 
by other investigators. In their study, LV sys-
tolic pressure increased, cardiac output and 
heart rate decreased, and stroke volume re-
mained constant. Increased PCO2 did not alter 
the HBOT effects on cardiac function or pe-
ripheral resistance. However, HBOT-induced 
cerebral vasoconstriction was reversed by 
CO2. Nakada and coauthors24 found in rats 
exposed to 2 ATA HBOT increased levels of 
epinephrine and norepinephrine originating 
from the adrenal gland, again suggesting that 
sympathetic activity is part of the HBOT re-
sponse. The above data suggest that critically 
ill patients and patients with hypertension 
should be monitored carefully while receiving 
HBOT to detect signifi cant increases in blood 
pressure. This may require multiple measures 
of blood pressure while the patient is being 
treated with HBOT. Conventional treatment 
for increased blood pressure will be effi ca-
cious in the HBOT environment. Treatment 
should be directed toward peripheral vasodi-
lation (e.g., calcium channel blockers, long-
acting nitrates) if blood pressure requires 
management during HBOT.

Ischemic Heart Disease

The well-known relation of myocardial isch-
emia as the functional consequence of coro-
nary artery disease would on fi rst principles be 
amenable to HBOT. The development of an ACS 
is related to partial or total occlusion of a coro-
nary artery with resultant reduction in coro-
nary blood fl ow, inadequate oxygenation of 
myocardial tissue, and either dysfunction or 
death of segments of myocardium. The loss of 
myocardial function results in compromised 
pump function of the heart and often results in 
acute followed by chronic heart failure. Preven-
tion of ischemic injury or death of myocardium 
is a continuously sought-after goal for patients 
with ACS, and many clinical trials have been 
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devoted to the treatment of acute and chronic 
coronary disease. Important landmarks in ther-
apy of ACS include surveillance and prevention 
of lethal arrhythmias, thrombolytic therapy to 
restore blood fl ow to myocardium distal to 
coronary arteries occluded by acute thrombus, 
and primary percutaneous coronary interven-
tion to open occluded coronary arteries and 
restore blood fl ow. Current therapy of ACS in-
cludes thrombolytic therapy, acute percutane-
ous coronary intervention, and a number of 
drugs to improve cardiomyocyte recovery and 
prevent ventricular remodeling.25 Hood and 
colleagues26 describe a 37-year-old man with an 
acute myocardial infarction (AMI) who had re-
fractory ventricular tachycardia that was suc-
cessfully controlled with use of HBOT at 3 ATA 
for 7 hours. After HBOT, the patient was also 
weaned from vasopressors. Clinical trials have 
demonstrated that minimizing the time be-
tween onset of symptoms and intervention to 
restore fl ow through the infarct artery pre-
serves myocardial function and reduces mortal-
ity from AMI.27 A role for HBOT in management 
of ACS seems intuitive; however, the studies 
done to date have demonstrated either no ef-
fect or small contributions to overall outcome. 
Thomas and coworkers’28 fi ndings in experi-
mental animals initiated some interest in HBOT 
in reducing infarct size, but the study was not 
repeated. In a randomized study of 112 AMI 
subjects, Stavitsky and investigators29 random-
ized half of the patients to HBOT plus throm-
bolysis and half to thrombolysis without HBOT. 
They note small reductions in time to pain re-

lief and serum creatine kinase concentration, 
and a small increase in discharge ejection frac-
tion (51.7%) compared with the usual care 
group (48.4%). None of the changes was statisti-
cally signifi cant. There was some indication that 
HBOT might reduce pain symptoms in AMI, but 
no improvement in LV function or other objec-
tive measures were shown, and the trial was not 
designed to report mortality. Dekleva and re-
searchers30 randomized 74 patients with AMI to 
either thrombolysis with streptokinase alone or 
thrombolysis plus HBOT at 3 ATA. The HBOT 
group showed an improved ejection fraction 
3 weeks after the infarction; LV end-diastolic 
and end-systolic volumes measured by echocar-
diography were smaller in the HBOT group. 
Bennett and colleagues31 reviewed 4 clinical 
trials that included 462 patients with ACS who 
received HBOT. They found no change in mor-
tality. Evidence existed of reductions in risk for 
subsequent major adverse coronary events and 
some dysrhythmias after HBOT, particularly 
complete heart block (Table 25.1). Time to pain 
relief was reduced by HBOT, but there was 
some evidence of claustrophobia in monoplace 
chambers. Ruiz and coauthors32 describe im-
proved survival in dogs with acute coronary li-
gation. Six of seven dogs provided HBOT at 2 
ATA survived, whereas three of eight control 
animals survived (P � 0.10). All deaths were 
due to ventricular fi brillation.

Thomas and coworkers28 have evaluated 
the effect of HBOT at 2 ATA combined with 
recombinant tissue plasminogen activator on 
infarct size in dogs when using triphenyltetra-

Table 25.1 Summary of Hyperbaric Oxygen Effects on 462 Patients with an Acute 
Myocardial Infarction

MEASURE RR FOR HBOT P

Survival  0.64 0.08
MACE  0.12 0.03
Dysrhythmia  0.59 0.01
Complete heart block  0.32 0.02
Monoplace claustrophobia 31.6 0.02
Time to pain relief 353 minutes 0.0001

HBOT, hyperbaric oxygen therapy; MACE, major adverse cardiovascular event; RR, risk ratio.
Data from a meta-analysis of four clinical trials (Bennett M, Jepson N, Lehm J: Hyperbaric oxygen therapy for acute coronary syndrome. Cochrane Database

Syst Rev 18:CD004818, 2005).
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group underwent exposure at 2 ATA in a mono-
place chamber 2 hours before or immediately 
after percutaneous coronary intervention and 
another 18 hours after the fi rst exposure. With 
the administration of HBOT, appreciable 
changes were noted in the heart rate and blood 
pressure. The mean blood pressure increased 
by 20 mm Hg, and the mean heart rate de-
creased by 10 beats/min. The increase in blood 
pressure responded to the intravenous admin-
istration of nitroglycerin and enalapril. Their 
composite end point of death, myocardial in-
farction or target vessel revascularization, oc-
curred in 1 of 24 patients in the HBOT group 
and 13 of 37 patients in the control group. The 
difference was signifi cant (P � 0.001). As 
noted earlier, Hood and colleagues26 treated a 
37-year-old man with refractory ventricular 
tachycardia and AMI with two 7-hour expo-
sures to HBOT. The authors found that HBOT 
was successful in reducing the ventricular rate 
and in abolishing the requirement for vasopres-
sors. During the fi rst exposure, when the pa-
tient was critically ill, the number of ventricular 
ectopic beats was reduced during hyperbaric 
oxygenation. In a subsequent study, Gilmour 
and investigators38 pretreated eight dogs with 
HBOT at 3 ATA, then occluded the left anterior 
descending coronary artery and found the ani-
mals developed LV failure. HBOT was repeated 
10 minutes after coronary occlusion and con-
tinued for 1 hour. No improvement in LV func-
tion was found compared with a control group 
that was provided room air. The authors con-
clude that the HBOT did not improve LV func-
tion after coronary occlusion. Although isola-
ted cases of apparent success with HBOT in 
acute coronary occlusion have been presented, 
the majority of animal and human data suggest 
little or no benefi t exists to treating patients 
with an AMI with HBOT.

PACEMAKERS AND IMPLANTABLE 
DEFIBRILLATORS

In general, most implantable pacemakers are 
designed to withstand pressures up to about 
100 fsw to accommodate divers who might 
have an implanted device. Individual pacemaker 

zolium staining where infarcted tissue does 
not show staining, and the demarcated infarct 
area can be quantitated to measure infarct 
size. They found a substantial improvement in 
infarct recovery with combined HBOT and 
recombinant tissue plasminogen activator. 
Their results have not been repeated since 
their initial experiment.

Mogelson and investigators33 studied 23 dogs 
provided with HBOT immediately after occlu-
sion of the left anterior descending coronary 
artery. Infarct size was not different from a 
control group, and creatine kinase release was 
also similar to the control group. They con-
cluded that HBOT does not reduce infarct size 
in the conscious dog and does not affect cre-
atine kinase release or disappearance. In a rat 
model, Kim and researchers34 examined the 
effects of HBOT pretreatment on infarct size. 
Infarct size was reduced in their ischemic-
reperfusion model. They believe that the re-
duced infarct size resulted from the induction 
of catalase in myocardium. Sterling and col-
leagues35 have measured infarct size in an 
ischemia-reperfusion model in rabbits. Using 
triphenyltetrazolium staining, they were able to 
reduce infarct size when HBOT was provided at 
the time of reperfusion, but not when provided 
after the onset of reperfusion. Although their 
study involved a different experimental model, 
their results support Thomas and coworkers’28 
fi ndings.

An interesting use of HBOT in chronic isch-
emic heart disease is described in the study by 
Swift and colleagues,36 who evaluated 24 pa-
tients with single-photon emission computed 
tomography thallium-201 exercise scintigraphy. 
Improved contraction after HBOT was demon-
strated in 20 of 62 damaged LV segments. Of 
42 segments with fi xed contraction abnormali-
ties after HBOT, 8 had reversible thallium de-
fects, 4 had normal thallium kinetics, and 30 
had fi xed thallium defects. The authors suggest 
that HBOT could be used to identify hibernat-
ing myocardium that would be amenable to 
revascularization.

Sharifi  and coauthors37 have found a re-
duced rate of clinical restenosis in patients 
who were given HBOT after percutaneous 
coronary intervention. Patients in the HBOT 
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characteristics, however, should be sought from 
the manufacturer to be certain that a patient 
with a pacemaker can be exposed to increased 
ambient pressure without harm. Kratz and co-
workers39 have found that hermetically sealed 
implantable pacemakers were tolerant of pres-
sures used in HBOT, but external pacemakers 
failed under pressure, whereas the electrical 
characteristics of pacing leads did not ch-
ange. They suggest that external pacing under 
hyperbaric conditions could be accomplished 
by attaching a permanent pacemaker to the 
patient’s temporary external leads. Trigano and 
researchers40 tested several implantable rate-re-
sponsive pacemakers in an experimental hyper-
baric chamber. They found that all pacemakers 
paced properly under pressures to 60 meters 
sea water (197 fsw), even though case distor-
tion was noted in several pacemakers. Acceler-
ometers incorporated into pacemakers to de-
tect physical activity also appeared to function 
properly at 30 and 60 meters sea water, al-
though several devices showed pressure effects 
on accelerometer function. Pitkin41 has re-
viewed current practices on use of defi brilla-
tion inside a hyperbaric chamber. He indicates 
that defi brillation can be accomplished safely 
and defi nes indications and contraindications 
to this procedure. Patients with implanted inter-
nal cardiac defi brillators can be exposed to 
treatment levels of increased pressure without 
harm to the device. Information from the manu-
facturer on pressure tolerance for a given de-
vice is important to have; however, to date, no 
case of an internal cardiac defi brillator fi ring in 
a patient undergoing HBOT has been reported. 
If risk for an arrhythmia is low, the device can 
be disabled during HBOT to avoid inappropri-
ate shocks while in the chamber. This would 
be of particular importance in a monoplace 
chamber.

CONGENITAL HEART DISEASE

The cyanotic state that accompanies complex 
congenital heart disease with a right-to-left 
shunt has interested physiologists and clini-
cians for centuries. When the anatomic founda-
tion of cyanotic heart disease became under-

stood, attempts to alleviate cyanosis were made 
by providing oxygen at 1 atmosphere with the 
initially surprising result that there was little 
change in cyanosis.42 This is particularly true 
when the cyanosis is primarily due to venous 
admixture, not to pulmonary dysfunction. The 
cause for this fi nding was that the desaturated 
hemoglobin from the venous system was mix-
ing with arterial blood with a hemoglobin satu-
ration of nearly 100%, and addition of oxygen 
at 1 ATA did little to increase venous oxygen 
content; hence minimal improvement was 
found in arterial desaturation. However, the ad-
dition of oxygen at pressures greater than at-
mospheric pressure allows plasma to be satu-
rated with oxygen, and delivery of oxygen to 
tissues does not require unloading of oxygen 
from hemoglobin. Under these conditions, 
hemoglobin remains fully saturated as it tra-
verses the tissue beds to the venous system. 
Boerema43 describes the value of HBOT in 
operating on infants with cyanotic heart dis-
ease. The fi rst cases underwent surgery in 
Amsterdam in 1960. He states: “The babies im-
mediately became pink and stayed so during 
the whole operation.”43 With HBOT at 3 ATA, 
the dissolved oxygen content of blood is 4 to 
6 mL/dL and supplies all the oxygen require-
ments without need for hemoglobin. In the 
case of a cyanotic infant, venous blood be-
comes fully saturated, and the cyanosis caused 
by mixing of poorly oxygenated venous blood 
with arterial blood through a right-to-left shunt 
is eliminated. Infants that are then fully oxy-
genated have a greater rate of survival after 
surgery.

This fact started an era of cardiac surgery 
under hyperbaric conditions to allow surgery 
to be done in a fully oxygenated child or adult. 
Hitchcock and coauthors44 reviewed the 
status of cardiac applications of HBOT in 1963. 
They identify use of HBOT in acute coronary 
occlusion, for cardiac surgery, and for arterial 
occlusion, particularly occlusion of the inter-
nal carotid artery causing stroke. Most of these 
applications had not been established in hu-
mans at that time, but animal studies showed 
promise for ultimate application to humans. 
Hitchcock and coauthors44 describe the lack 
of effi cacy in reducing serum transaminase 
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levels after coronary ligation in dogs treated 
with oxygen at 2.5 ATA. They also note that, 
although total coronary occlusion would pro-
hibit the benefi cial effects of HBOT on the 
myocardium, the presence of collateral circula-
tion would allow blood with high PO2 to reach 
ischemic tissue. They performed cardiac sur-
gery in a 19-foot diameter hyperbaric operat-
ing room (Fig. 25.2) that provided a working 
environment at 3 ATA.45 Gross46 has reviewed 
his experience on cardiac surgery in infants 
younger than 1 year. He has performed surgery 
in a hyperbaric chamber for cyanotic complex 
anomalies of the heart. He notes a substantial 
improvement in surgical mortality for infants 
who underwent surgery in a hyperbaric envi-
ronment. Successful surgery on infants with 
tricuspid atresia, tetralogy of Fallot, and trans-
position of the great vessels in infants breath-
ing oxygen at 3 ATA has been reported. Using 
HBOT, surgeons could achieve suspension of 
the circulation for 2 to 3 minutes, enough time 
to repair an intracardiac defect. More recently, 
application of extracorporeal circulation has 
been perfected for infants, and the need for 
surgery in hyperbaric operating rooms has 
disappeared. Gross46 took advantage of the 
ability to fully oxygenate a cyanotic infant 
with a right-to-left shunt under hyperbaric 

conditions to improve survival in these early 
attempts to repair complex congenital cardiac 
lesions. Levitsky and Hastreiter47 discuss the 
need for an extracorporeal perfusion for in-
fants to avoid the high costs of a hyperbaric 
surgical facility. Currently, hyperbaric operat-
ing suites have been abandoned in the 
United States.

HYPERBARIC OXYGEN THERAPY 
IN CARDIAC SURGERY

HBOT has been used for management of ster-
nal wound healing after heart bypass surgery 
and for therapy of iatrogenic air embolism oc-
curring in association with open-heart surgery. 
Recent studies have addressed the value of 
HBOT in minimizing neurocognitive changes 
known to occur after bypass surgery.

NEUROPROTECTION

More recently, HBOT has been tested for neu-
roprotection after heart bypass surgery. Alex 
and coworkers48 have examined the effect of 
pretreatment with HBOT at 1.5 ATA on cogni-
tive function. They found improvements in 

Figure 25.2 Photograph of Hitchcock’s 
hyperbaric operating room ca. 1960. 
(From Hitchcock CR, Haglin JJ: 
Hyperbaric oxygenation. Postgrad 
Med 38:157–169, 1965, by 
permission.)
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cases were related to cardiovascular proce-
dures that included arteriography, ventriculog-
raphy, and cardiac surgery. In many of the cases, 
the presence of air embolism to the brain was 
inferred by persistent neurologic impairment 
after expected recovery from anesthesia. HBOT 
was provided at 3 to 3.8 ATA of 100% oxygen 
for 90 minutes. In the 16 patients, 6 had a full 
recovery after 7 daily HBOT treatments, 5 had 
some residual neurologic defects but were not 
clinically impaired, and 5 died. Other causes 
of iatrogenic air embolism included hemodialy-
sis and craniotomy. Their data suggest that a 
shorter time to treatment is an important pre-
dictor of outcome.

POSTBYPASS MEDIASTINITIS

Petzold and researchers55 have used HBOT in 
conjunction with surgical debridement to treat 
a sternal wound infection in a patient who 
underwent orthotopic heart transplantation. 
HBOT had no adverse effects on the patient or 
the transplanted heart, and the authors believe 
that the added HBOT improved outcome in 
their immunosuppressed patient. Siondalski 
and others56 have evaluated the combination 
of HBOT and aggressive surgical debridement 
to improve clinical outcomes in 55 patients 
with postoperative sternal wound infections 
or mediastinitis, or both, after sternotomy for 
cardiac surgery. Total hospital stay averaged 
8 weeks; all patients were free of infection con-
fi rmed by culture before discharge. The authors 
did not use a control group but believe that the 
combined therapy improved outcome of these 
postoperative infections.

An interesting application of HBOT was 
studied by Todo and investigators,57 who eval-
uated HBOT at 3 ATA for preserving explanted 
hearts in dogs in preparation for heart trans-
plantation. This study would expand the heart 
donor pool in Japan to include donor hearts 
obtained after cardiac arrest with myocardial 
anoxia. The authors found that dog hearts 
could be preserved with a combination of 
hypothermia, HBOT, and a perfusate that in-
cluded 2% magnesium sulfate in 2% glucose 
and 5% low-molecular-weight dextran. Hearts 

neuropsychometric function and reduction of 
infl ammatory mediators produced by heart 
bypass surgery. Baumgartner and investiga-
tors49 have found increased microemboli sig-
nals during HBOT at 2.5 ATA in patients with 
prosthetic heart valves. They interpreted these 
data to indicate that gaseous microemboli are 
produced by the prosthetic valves during 
HBOT exposure. The cause of neuropsycho-
metric impairment after surgery is not well 
understood. In the case of evident air emboli, 
however, there is adequate knowledge to re-
late neuropsychometric impairment to either 
overt or occult gas embolism to the brain, and 
HBOT should be considered when air embo-
lism is suspected (see Chapter 13).

IATROGENIC AIR EMBOLISM

Kol and others50 used HBOT to manage air em-
bolism complicating cardiac surgery. They 
found that a 17- to 20-hour delay resulted in 
signifi cant residual neurologic impairment, 
whereas minimal delay to therapy resulted in 
full recovery. There is a case report of HBOT51 
for cerebral air embolism resulting from arte-
rial air injection after cardiac surgery where 
the patient reported sudden onset of blindness 
after inadvertent injection of air into a radial 
artery. HBOT restored vision after one course 
of therapy at 60 fsw. Ziser and colleagues52 
describe 17 cases of accidental air embolism 
during cardiac surgery. All patients received 
HBOT. Approximately 47% (8 patients) achieved 
full recovery, 6 remained unconscious, and 
3 died. Recovery was correlated with delay to 
HBOT. Patients treated within 5 hours of embo-
lism demonstrated full or nearly full recovery, 
and long delays to therapy (9–20 hours) were 
characteristic of the patients with adverse out-
comes. Toscano and coworkers53 describe two 
cases of massive air embolism occurring dur-
ing cardiac surgery that responded to HBOT. 
They recommend that all cases of accidental 
air embolism occurring during cardiac surgery 
be treated with HBOT. Takahashi and col-
leagues54 reviewed their experience with iatro-
genic arterial and pulmonary air embolism. Of 
their 34 reported cases, 16 arterial embolism 
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were transplanted up to 48 hours later and 
regained function.

In their review, Moon and Hart58 describe 
methods for cardiac and other continuous 
monitoring techniques during HBOT. For criti-
cally ill patients, a multiplace chamber can be 
used as an extension of the intensive care 
unit; however, this application is accompanied 
by the increased operational complexity as-
sociated with chamber operation. As noted 
previously, patients with cardiac disorders can 
decompensate during HBOT, and measures 
should be prearranged to manage a cardiac 
patient whose condition deteriorates while 
receiving HBOT (see Chapter 7).

DRUG EFFECTS OF HYPERBARIC 
OXYGEN THERAPY

For most medications used by patients who 
might be candidates for HBOT, there are no 
known effects of HBOT on effi cacy or dose ef-
fects of commonly used cardiovascular drugs. 
Specifi c instances of drug modifi cation by 
HBOT are rare. Rump and coauthors59 have 
examined the pharmacokinetics of lidocaine in 
human volunteers exposed to 2.5 ATA HBOT 
for 20 minutes alternating with 5-minute air 
breaks over a total of 75 minutes. Under 
HBOT, lidocaine injection caused dizziness and 
tinnitus, sweating, tre-mor, and coordination 
disturbances, even though maximum lidocaine 
concentrations were far less than therapeutic 
serum levels. The authors suggest that lidocaine 
side effects may result from interaction be-
tween lidocaine and HBOT. Davies and col-
leagues60 demonstrate antagonistic effects of 
increased pressure to 12 ATA on anticonvulsant 
drugs. Their study includes diazepam, pento-
barbital, and ethanol. However, similar effects 
have not been found at usual HBOT pressures. 
Rump and coauthors61 have reviewed the lit-
erature on oxygen effects on a number of drug 
metabolic pathways. They conclude that “a 
single exposure to hyperbaric or hyperoxic 
conditions does not seem to affect single-dose 
pharmacokinetics of drugs eliminated by the 
kidney (gentamicin) or by the liver with a 
capacity-limited clearance (pentobarbital, the-

ophylline, caffeine) or with a perfusion-limited 
clearance (pethidine, lidocaine).” Their conclu-
sions were confi rmed by Merritt and Slade’s62 
study, which found no change in gentamicin 
pharmacokinetics under HBOT conditions. 
Whether Kramer and coworkers’63 fi ndings of 
an increased salicylate clearance in dogs ex-
posed to 2.8 ATA of 100% oxygen can be ex-
trapolated to humans is yet to be determined, 
although there appears to be no change in 
clinical effi cacy of aspirin on platelet aggrega-
tion under HBOT conditions.

Seriakov and Feofanova64 have evaluated 
the effects of HBOT on platelet aggregation 
and the effects of antiplatelet drugs. They 
found no changes in platelet aggregation and 
no changes in effi cacy of aspirin or pentoxifyl-
line in 65 coronary patients undergoing HBOT. 
Radcliff and Spencer describe changes in drug 
delivery rates65 of a proprietary drug infusion 
system under hyperbaric conditions. In par-
ticular, infusion rates of propofol are slightly 
increased at 2 and 3 ATA.

Patients recommended for HBOT are likely 
to be taking one or more cardiovascular 
medications including antihypertensive medi-
cations. This class of medications that includes 
diuretics, calcium channel blockers, direct vaso-
dilators, nitrates, beta-blockers, and aldosterone 
blockers is not known to change effi cacy in 
HBOT environments. These medications can be 
continued during a course of HBOT, but usual 
care management dictates that they be re-
viewed in the context of the current medical 
condition. For example, a patient in shock from 
a clostridial infection would not be provided 
antihypertensive medications. Patients sched-
uled for HBOT should have blood pressure 
monitored before and after therapy. Patients 
who are undergoing HBOT and are critically ill 
should have blood pressure monitored during 
therapy. Therapy to maintain blood pressure 
during HBOT should be continued during ther-
apy. No evidence is available to indicate an in-
teraction between usual intravenous inotropic 
or pressor therapy and HBOT.

Weaver and Churchill66 report on three cases 
of pulmonary edema that occurred during 
HBOT. One patient died. Two patients had 
diabetes, and one had severe aortic stenosis. 
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HBOT may contribute to pulmonary edema by 
increasing LV afterload, increasing LV fi lling 
pressures, increasing oxidative myocardial 
stress, decreasing LV compliance by oxygen 
radical-mediated reduction in ·NO antioxidant 
redox signal of right and left ventricles, induc-
ing bradycardia with concomitant LV dysfunc-
tion, increasing pulmonary capillary permeabil-
ity, or causing pulmonary oxygen toxicity. They 
indicate that patients with reduced LV function 
should be treated with caution.
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guarantee the continuity of the treat-
ment chain.

Currently, general agreement has been 
reached that patient management should be 
evidence based. However, that assertion may 
not apply well to patient safety for two main 
reasons: to expose a patient to highly predict-
able risk would be considered unethical even 
in the absence of any published evidence, 
and accidents and adverse effects are grossly 
under-reported in the medical literature.2,3 
In the industrial world, the control of risk 
uses the risk management method and is an 
essential component of the quality-control 
system.4

To better support the contraindications to 
HBOT, we follow that method and discuss fi rst 
the potential hazards posed by HBOT, how to 
minimize patient complications by excluding 
those patients at special risk, and how to im-
plement this process in clinical practice.

POTENTIAL HAZARDS POSED 
BY HYPERBARIC OXYGEN THERAPY

HBOT involves breathing oxygen at a pres-
sure greater than atmospheric pressure. Al-
though low, the incidence rate of adverse 
effects of HBOT is reported to be between 
5 and 50 per 1000 hyperbaric exposures 
depending on the indication, clinical setting, 
and patient condition (Table 26.1). Injuries 
can occur because of changes in barometric 
pressure, high-pressure oxygen breathing, 
and the specifi c environment of the hyper-
baric chamber.

Hazards Caused by Barometric 
Pressure Changes

Injuries caused by pressure changes are called 
barotrauma. They may be caused by a small 
change in pressure applied to intrapulmonary 
airways such as during artifi cial ventilation at 
ambient pressure, but the large changes in 
barometric pressure that occur during HBOT 
potentially put the patient at a special risk.8,9

CONTRAINDICATIONS 
TO HYPERBARIC OXYGEN THERAPY

Hyperbaric oxygen therapy (HBOT) has been 
used in multiple clinical situations for more 
than 40 years. Some indications are now well 
established, and the level of evidence support-
ing its use is slowly increasing. However, no 
medical procedure is absolutely free of risk. 
The decision to use HBOT requires the assess-
ment of the balance between the level of risk 
acceptable for the patient and his or her 
physician(s) and the expected benefi t in the 
specifi c clinical situation. Thus, contraindica-
tions to HBOT may vary according to indica-
tion (absolute or relative), clinical setting 
(emergency or scheduled), patient condition 
(critical or ambulatory), and hyperbaric cen-
ter capability (staff, equipment, location).

The fi rst and major contraindication to treat-
ing a patient with HBOT is, of course, an inad-
equate hyperbaric facility. Examples include 
situations such as when the hyperbaric cham-
ber is improper for medical use, the staff is not 
adequately trained, and there is a lack of equip-
ment, procedures, or an emergency plan. These 
factors may seem self-evident, but accidents 
that have occurred in the past are sometimes 
still reported as adverse effects of HBOT. Widely 
accepted recommendations on hyperbaric fa-
cilities were issued by the European Commit-
tee for Hyperbaric Medicine in 19941:

• The hyperbaric facility must have the ade-
quate equipment, technical competence, 
staff and personal skill such that any po-
tential accident, derangement, or problem 
will not be likely to interfere with the 
decision to accept a patient with an 
indication for HBOT.

• The hyperbaric facility must be located, 
equipped, and staffed in order to 

CONSEQUENCES FOR CLINICAL PRACTICE
Initial Medical Consultation
Patient Education
Chamber Attendance and Monitoring

CONCLUSION
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emphysema, or arterial gas embolism (see 
Chapter 13).

More insidious are injuries related to ab-
normal cavities that have become fi lled with 
air. A dental abscess may become exquisitely 
painful during pressure changes. A laryngo-
cele or esophageal diverticula may overdis-
tend during decompression and cause com-
pression or even obstruction of the airways.12 
A simple pneumothorax may become a ten-
sion pneumothorax during decompression 
and cause respiratory distress, cardiovascular 
collapse, and cardiac arrest. Similarly, an air-
way obstruction such as that related to an 
asthma attack may theoretically cause an over-
expansion injury during decompression. How-
ever, large case series suggesting this happens 
with any frequency do not exist. Similarly, the 
same mechanism may occur in patients with 
chronic obstructive pulmonary disease, al-
though there is no published evidence that 
they are at a higher risk for pneumothorax. A 
rare but dramatic example of barotrauma is 
cerebral compression induced by the overex-
pansion of an intracranial pneumatocele dur-
ing decompression.13

Hazards Caused by High-Pressure 
Oxygen Breathing

Oxygen toxicity occurs in three major forms: 
neurologic, pulmonary, and ocular.14 Central 
nervous system oxygen toxicity is the most 
common manifestation of oxygen toxicity and 
manifests itself as a generalized tonic-clonic 
seizure (“grand mal” type). It may be heralded 
by facial twitching, nausea or vomiting, visual 

Barotrauma may affect any gas-containing 
cavity in the body: the ears, the sinuses, the 
lungs, the gut, or abnormal settings such as a 
dental abscess or pneumothorax.

Barotrauma during the compression phase 
occurs mainly in the ears and sinuses when 
entry of air into a cavity is impeded by 
obstruction, either anatomic or functional. 
Middle-ear barotrauma is the most frequent 
complication of HBOT and typically occurs in 
0.1% to 0.5% of hyperbaric exposures, but it 
may arise in 1% to 9% of patients according to 
some series.5,6 A few clinical series have re-
ported astonishingly high rates of ear baro-
trauma such as 10% in Raphael and colleagues’ 
study on CO poisoning10 and 47% in Chavez 
and Adkinson’s study on mandibular osteora-
dionecrosis.11 These variations in incidence 
rates may be explained by differing clinical 
defi nitions, the clinical setting (emergency or 
chronic care), patient selection, patient educa-
tion, compression protocol, and supervision.

Barotrauma may also occur during the de-
compression phase when gas that has entered 
a cavity during the compression is unable to 
escape. The resulting increase in intracavity 
gas pressure may lead to rupture and gas leak-
age to surrounding tissues and structures. If 
gas enters the circulation, it may embolize to 
the lungs and the systemic arteries with cata-
strophic consequences.

Lung barotrauma, although rare in the set-
ting of HBOT, is the most threatening compli-
cation of HBOT. Decompression of 15 to 
30 kPa (0.15–0.3 ATA) is suffi cient to cause 
lung injury if the glottis is closed.8 Lung 
barotrauma may cause hemoptysis, pneumo-
thorax, pneumomediastinum, subcutaneous 

Table 26.1 Incidence of Hyperbaric Oxygen Therapy Complications

AUTHORS PLAFKI AND 
COLLEAGUES5

POISOT AND 
DELORT6

SHEFFIELD AND 
SMITH7

D. MATHIEU 
(UNPUBLISHED DATA)

Number of patients 782 1592 8078 6534
Number of exposures 11,376 17,420 166,701 61,259
Incidence per 1000 exposures
 All events 17 43 8.3 5.5
 Middle ear barotrauma 3.8 1.2 4.4 1.5
 Seizure 5 0.7 1.7 0.7
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This is of particular importance when a 
critically ill patient has to be treated with 
HBOT. Only hyperbaric centers equipped with 
medical devices allowing continuing intensive 
care unit monitoring and treatment and that 
are approved for hyperbaric use should treat 
such patients. Similarly, care for a critically ill 
patient requires specially trained personnel 
and specifi c organization and procedures.27,28

Hazards Caused by Oxygen Delivery 
Systems

Every oxygen delivery system has its own con-
straints. For example, demand valves require a 
specifi c breathing pattern, and because most 
patients are unfamiliar with this, they may expe-
rience an increase in work of breathing, leading 
to respiratory fatigue. The overboard dumping 
of expired gas increases the expiratory resis-
tance and may cause an increased intrinsic 
positive end-expiratory pressure. Rebreathing 
may occur, leading to hypercapnia when venti-
latory equipment has a large dead space and 
when minute ventilation is inadequate. A hood 
or an oversized mask is an example of such a 
situation.28 Even in monoplace chambers where 
no special oxygen delivery system has to be 
used, the increased work of breathing because 
of the increased gas density and a decreased 
ventilatory drive in some patients may compro-
mise respiratory status.27

Hazards Caused by Specifi c Patient 
Issues

Specifi c physiologic or pathologic conditions 
may expose a patient to a greater risk than 
usual or to a special risk.

Physiologic Conditions

Children: Infants and Young Children
Because of their usually normal respiratory ca-
pacity, children, especially infants and young 
children, may experience high tissue oxygen 
pressure and are therefore at greater risk for 
oxygen toxicity, in particular oxygen-induced 
seizures and retinal toxicity for newborns. Use 
of lower treatment pressures, short cycles of 

changes, and/or tachycardia. The incidence of 
oxygen convulsions during HBOT is reported 
to be between 0.1 and 30 per 1000 expo-
sures.15,16 This large range may be explained by 
variations in HBOT protocol, oxygen delivery 
systems, underlying pathology, and patient sta-
tus.17 Any patient with a low seizure threshold 
(epilepsy) or with a decreased seizure thresh-
old (high fever, low glucose level, drugs such as 
corticosteroids) is at a high risk for an oxygen-
induced seizure (see Chapter 23 for further 
description of central nervous system oxygen 
toxicity).

Pulmonary toxicity is rare and HBOT proto-
cols have been designed to avoid its occur-
rence. However, exceptionally long treatment 
may induce respiratory symptoms.18 Retinal 
oxygen toxicity is well known in premature 
newborns receiving oxygen therapy.19 HBOT 
in newborns and young children requires spe-
cial protocols and monitoring to prevent any 
risk20,21 (see Chapter 6).

Prolonged series of HBOT may expose some 
patients to visual disturbances such as tempo-
rary myopia or diffi culty with night vision.14 
Progressive cataract formation may occur in 
patients receiving more than 100 HBOT ses-
sions22 (see Chapter 24 for a discussion of the 
ophthalmologic issues associated with HBOT).

Hazards Caused by the Hyperbaric 
Chamber Environment

The hyperbaric chamber represents a special 
environment that may expose the patient to 
specifi c risks.4 Only hazards that may be pre-
vented by patient selection are discussed here.

Hazards Caused by Intensive Care Unit 
Patient Care

Many of the medical devices used to deliver 
care or to monitor patients have their func-
tion or their safety altered by the hyperbaric 
chamber environment. Regulation or Good 
Practice guidelines have been issued to guar-
antee a high level of safety, but they all require 
that any medical device has to be evaluated 
and approved for hyperbaric use before use in 
a hyperbaric chamber.23–26
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oxygen/air breaks, and constant monitoring of 
transcutaneous oxygen pressure are usually 
suffi cient to assure safety. Antioxidant (vitamin 
C or E) supplementation has been proposed20 
but has not been fully evaluated in HBOT.

Older Adults

Older adults are also at special risk for prob-
lems during HBOT, not because of their age 
itself, but because they often have respiratory, 
cardiac, and/or vascular problems. Attention 
has to be paid to the respiratory and cardiac 
status during HBOT; a frequent pitfall is inade-
quate attention to the oxygen delivery system 
such as an unfi tted mask or the demand valve 
set too high. Monitoring of transcutaneous 
pressure of oxygen and carbon dioxide may 
allow early detection of such problems.

Pregnant Women

The use of HBOT during pregnancy also raises 
some concerns because of the possible ad-
verse effects on the fetus induced by high 
oxygen partial pressures, including teratoge-
nicity, retinopathy, and cardiovascular effects, 
particularly alteration in placental blood fl ow 
and premature closure of the ductus arterio-
sus.29–32 Experimental studies reporting in-
creased fetal anomalies have used oxygen ex-
posures far exceeding profi les of pressure and 
time that are used clinically.29 Other experi-
mental studies using typical protocols have 
not shown an increase in adverse fetal out-
comes.33–35 Clinical reports are also reassur-
ing. The most extensive clinical experience 
has been reported from Russia, where more 
than 700 pregnant women have been treated 
with HBOT during all stage of gestation for 
hypoxemia of various origins.36,37 According 
to these reports, HBOT signifi cantly improves 
the condition of the mother and fetus and re-
duces perinatal complications and mortality. 
The lack of detrimental effects of HBOT on 
fetus and neonates has also been reported by 
some Western authors.38–40

A common indication for which a pregnant 
woman may require HBOT is carbon monoxide 
poisoning, and there is a moderate published ex-
perience with no adverse fetal consequence.41,42 

Few reports have been published for other indi-
cations for HBOT; therefore, a careful assessment 
of benefi t/risk balance is necessary, together with 
fetal monitoring.

Pathologic Conditions

Some patients may be exposed to special risk 
because of comorbidity, medications, or im-
planted medical devices. However, these situa-
tions should not be considered as contraindica-
tions to HBOT without an extensive evaluation 
and discussion.43

Patients with a History of Malignancy

The question whether HBOT may promote 
growth or recurrence of tumors has long 
been a matter of concern. Because cellular 
proliferation and angiogenesis promoted by 
HBOT are the rationale to use this treatment 
in delayed wound healing, it is understandable 
that those effects would be considered detri-
mental if they occurred in tumors.

Feldmeier and colleagues44 evaluated this 
topic in 2003.44 Careful review of cell cul-
ture and animal studies show that mecha-
nisms of angiogenesis and cell proliferation 
are different between tumor growth and 
wound healing. Since the fi rst article ap-
peared in 1966 reporting that HBOT may 
have an enhancing effect of tumor growth,45 
published clinical studies suggest no more 
than a neutral effect of HBOT on tumor 
growth.46–48 The authors conclude that the 
published literature provides little basis for 
HBOT to enhance malignant growth or me-
tastases, and thus a history of malignancy 
should not be considered as a contraindica-
tion for HBOT (see Feldmeier and collea-
gues44 for a complete discussion).

Patients with Diabetes Mellitus

It is a long-held belief that patients with diabe-
tes experience a reduction in their insulin re-
quirement and are therefore at increased risk 
for hypoglycemia when treated with HBOT. 
There are, however, no experimental studies 
and only a few, scant clinical reports on this 
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problem. In clinical practice, hypoglycemia 
may occur in two different settings:

• Patients with diabetes receiving adjunc-
tive HBOT for an infection: Infection 
can disturb diabetes management 
because of increases in insulin require-
ments. As the infection is treated, insulin 
doses will be reduced, and if this is not 
adequately addressed, hypoglycemia may 
occur during an HBOT session. These pa-
tients require close glycemic surveillance 
even inside the hyperbaric chamber.

• Patients with “apparently” well-controlled 
diabetes receiving HBOT: Several factors 
may contribute to the occurrence of a 
hypoglycemic episode during HBOT: fast-
ing because of transportation and waiting 
time, maladjustment of antidiabetic drug 
regimen, and HBOT-induced changes in 
glycemic control. In particular, the 
decrease in catecholamine plasma level 
during hyperoxia may impair the hyper-
glycemic counter-reaction to a hypoglyce-
mic episode and may explain its clinical 
expression.49

Patients with Implanted Medical Devices

Early pacemaker models were sensitive to 
pressure, but current models function nor-
mally in the hyperbaric environment. In case 
of doubt, it is wise to check with the manufac-
turer if a particular model may be exposed to 
high pressure7 (see Chapter 25).

Patients with diabetes with implanted in-
sulin pumps may also be referred for HBOT. 
A risk analysis does not demonstrate an 
increased risk.25

Patients Who Have Received Specifi c 
Medications

Bleomycin, a drug used in the treatment of 
various tumors, has long been recognized as 
an agent that may increase pulmonary oxygen 
toxicity. Experimental studies show that rats 
treated with bleomycin and oxygen exhibited 
an increase in the number of intra-alveolar 
cells and alveolar fi brin disposition at 24 and 

48 hours.50 Even though Rinaldo and investi-
gators51 have found a lesser degree of experi-
mental lung injury when oxygen was adminis-
tered 21 days after bleomycin, compared with 
8 days, Goldiner and coauthors52 have re-
ported the occurrence of clinical lung toxic-
ity with a mean period of 9.6 months between 
bleomycin administration and oxygen given 
during surgery. This study was challenged by 
Donat and Levy,53 who reported no worsen-
ing of bleomycin lung toxicity by oxygen 
given perioperatively with a mean period of 
6.4 months between bleomycin administra-
tion and oxygen therapy. Thus, the period 
when oxygen therapy appears to be safe after 
bleomycin administration has not been fi rmly 
established. A 1-year period is probably suffi -
cient, so it appears that only recent treatment 
with bleomycin has to be considered a contra-
indication to HBOT.

Doxorubicin is another antitumor agent 
with which an increased mortality has been 
demonstrated in rats treated simultaneously 
with doxorubicin and HBOT.54 No toxic 
effects have been reported in clinical use. It 
has been recommended that a 2- to 3-day 
interval between the last doxorubicin dose 
and administration of HBOT commences.43

Other drugs have also been considered as 
a concern when used concomitantly with 
HBOT. For example, cis-platinum (delay in 
fi broblast proliferation and collagen disposi-
tion), disulfi ram (decrease in antioxidant 
production), and mafenide acetate (increase 
in local CO2 production) have all been sug-
gested to be contraindications to HBOT. Pub-
lished evidence of clinically important side 
effects is weak, however, and these medica-
tions should not be considered as contraindi-
cations for HBOT.

Patients with Anxiety or Claustrophobia

Claustrophobia or confi nement anxiety is a 
real concern and must not be underestimated 
because the incidence may be as high as 1% 
to 2% of the patients treated in a multiplace 
chamber5–7 and 5% of patients treated in a 
monoplace chamber.55 If not properly man-
aged, claustrophobia leads to agitation and 
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diffi culty in oxygen administration, which 
may endanger the patient and others. Proper 
evaluation before treatment, sedation with a 
benzodiazepine, education, and reassurance 
by attendants inside and outside the chamber 
are usually suffi cient to allow HBOT. A small 
number of patients (�1–2/1000) will not be 
able to control their anxiety and HBOT has to 
be interrupted or discontinued.7

GENERAL CONTRAINDICATIONS 
TO HYPERBARIC OXYGEN THERAPY

After the risk management methodology, 
contraindications to treatment are special 
situations that expose the patient to an 
unacceptable risk. Thus, defi ning contraindi-
cation cannot be done without taking into 
consideration the expected benefi t of the 
treatment. For the purposes of this discus-
sion, absolute contraindications to HBOT 
are conditions that pose a risk for death or 
major disability, and relative contraindica-
tions to HBOT are conditions where the 
potential risk is limited in intensity and 
duration56 (Table 26.2).

Absolute Contraindications

Major complications of HBOT include several 
pulmonary abnormalities and oxygen toxicity. 
Moreover, a patient should be treated with 
HBOT only if the medical and nursing staff 
and the chamber equipment are fi t to care for 
the patient.

Absolute Contraindications Because 
of the Risk for Life-Threatening Barotrauma

Although there are only a few series reporting 
pulmonary barotrauma during HBOT,57,58 the 
potential severity of this complication has 
always convinced hyperbaric physicians to 
carefully screen patients for conditions that 
may pose that risk.

Unvented Pneumothorax

Untreated pneumothorax is considered as an 
absolute contraindication because it can 
become a tension pneumothorax during 
decompression. A chest tube should be in-
serted before the patient begins HBOT. A 
chest radiograph is mandatory after tube in-
sertion to confi rm proper tube placement 
and venting. It is also an element of safe prac-
tice to obtain a chest radiograph before HBOT 
when a patient has been subjected to a pro-
cedure where there exists a risk for iatro-
genic pneumothorax.

Venting is also required for other rare gas-
fi lled structures if they might develop trapped 
gas during HBOT such as a lung pneumato-
cele, laryngocele, esophageal diverticulum, or 
intracranial pneumatocele.

Acute Severe Bronchospasm

Acute severe bronchospasm is an absolute 
contraindication because of the risk for intra-
pulmonary entrapped gas that will expand 
during decompression. Immediate treatment 
of bronchospasm with inhaled bronchodila-
tors, steroids, and controlled ventilation should 
be available at the hyperbaric chamber for 
patients with asthma, patients with chronic 

Table 26.2 Contraindications to Hyperbaric 
Oxygen Therapy

ABSOLUTE

Unvented pneumothorax
Acute severe bronchospasm
Concomitant treatment with doxorubicin
Concomitant or recent treatment with bleomycin

RELATIVE

Upper airway infection
Allergic rhinitis
Chronic sinusitis and otitis
Chronic obstructive pulmonary disease with emphysema
History of pneumothorax or thoracic surgery
History of ear, nose, and throat surgery
Epilepsy
Optic neuritis
Arterial hypertension (uncontrolled)
Heart failure (uncontrolled)
Claustrophobia
Dangerous behavior
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obstructive pulmonary disease, and patients 
with smoke inhalation.

Absolute Contraindications Because of the 
Risk for Severely Disabling Oxygen Toxicity

Actual HBOT protocols have minimized the 
risk for severe oxygen toxicity. However, pre-
mature and young infants require special at-
tention and protocols.

As reported earlier, some drugs enhance 
oxygen toxicity and are contraindications of 
HBOT, including:

• concomitant treatment with doxorubicin.
• concomitant or recent treatment with 

bleomycin.

Absolute Contraindications Because 
of an Unacceptable Risk for Endangering 
Patient Safety

A patient may be treated with HBOT only if 
the medical and nursing staff and the cham-
ber equipment are fi t to care for the patient. 
This especially applies to patients in critical 
condition (see Chapter 7 for an extended dis-
cussion of HBOT in critical care).

Relative Contraindications

Relative contraindications vary and have to be 
considered on a patient-by patient basis.49 
They may be classifi ed according to the risk 
to be prevented.

Relative Contraindication Because 
of the Increased Risk for Barotrauma

Ear barotrauma is the most common side ef-
fect of HBOT. This complication is usually 
prevented by educating the patient about ef-
fective autoinsuffl ation techniques. For pa-
tients for whom the middle ear does not 
equilibrate, myringotomy and tympanostomy 
tube insertion may be required. Sinus baro-
trauma is the second most common side ef-
fect. Topical nasal decongestants are often 
used to prevent ear or sinus barotrauma, but 
they have not been proved effective.59

Upper airway infection, allergic rhinitis, 
and chronic sinusitis are relative contraindica-
tions to HBOT. Most frequently, these prob-
lems can be controlled, allowing HBOT to 
proceed.

Ear surgery for otosclerosis may also in-
crease the risk for ear barotrauma, and trans-
tympanic tube placement may be required 
before initiation of HBOT. Other forms of ear 
injury usually do not cause any problems.

Chronic obstructive pulmonary disease, es-
pecially emphysema, has been considered a 
contraindication for HBOT by some authors 
because of the expiratory obstruction and the 
risk for lung barotrauma. However, except dur-
ing an acute severe bronchospastic attack, the 
degree of airway obstruction is never such that 
it causes substantial intrapulmonary gas reten-
tion assuming the decompression rate is slow 
as in usual HBOT protocols (1–2 m/min).

A history of pneumothorax or previous 
thoracic surgery has sometimes been reported 
as a contraindication to HBOT. These condi-
tions do not usually pose a high risk unless an 
unvented space remains. However, physicians 
and attendants have to be aware of the pa-
tient’s history and be prepared to manage a 
pneumothorax in the chamber.

Relative Contraindications Because 
of the Increased Risk for Oxygen Toxicity

To Reduce the Risk for Oxygen-Induced 
Convulsion

Various environmental and personal factors 
may modify the sensitivity to central nervous 
system oxygen toxicity, thus shortening the 
duration of the latent period and reducing 
the threshold pressure for the development 
of seizures.

Factors such as age, sex, circadian rhythm, 
temperature, and various drugs have been 
recognized to increase central nervous system 
oxygen toxicity, but the most potent factor is 
increased CO2 concentrations. Thus, hyper-
capnia of any cause (hypoventilation, chronic 
obstructive pulmonary disease, effects of anal-
gesics or narcotics, anesthesia, among others) 
should be avoided and patients with increased 
arterial CO2 pressure closely monitored.14
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Epilepsy has long been considered as a 
contraindication to HBOT. In fact, there is a 
lack of clinical evidence showing that pa-
tients with epilepsy have a greater risk for 
hyperoxic convulsions. Experimental studies 
suggest the mechanisms of epileptic and hy-
peroxic seizures are different.60,61 In practice, 
patients with epilepsy who are medically 
well controlled may undergo HBOT without 
any major risk for seizure. Moreover, the con-
sequences of oxygen-induced seizure in the 
HBOT environment are low. Close surveil-
lance during HBOT, frequent air breaks, and 
adjustment of the anticonvulsant drug regi-
men (if needed) are usually suffi cient to allow 
patients with a seizure disorder to be treated 
with HBOT.

To Reduce the Risk for Ocular Oxygen Toxicity

Premature and young infants are usually able 
to tolerate HBOT, but the risk for ocular toxic-
ity must be considered. Lower oxygen pres-
sure, frequent air breaks, and for some authors, 
antioxidant supplementation (vitamins C and 
E)20 allow the treatment of these infants with 
a certain degree of safety. Optic neuritis has 
been reported as possibly implicated in a case 
of blindness occurring in a patient treated 
with HBOT. Although a causal relation was 
not clearly established, these patients should 
probably be followed with close ophthalmo-
logic surveillance43 (see Chapter 24).

Relative Contraindications Because 
of Increased Risks Related to the High 
Oxygen Pressure Environment

In healthy subjects, hyperoxia induces hemo-
dynamic changes mainly because of hyper-
oxic vasoconstriction. There may be an in-
crease in arterial pressure, bradycardia, and a 
decrease in cardiac output. The increase in 
ventricular afterload may be poorly tolerated 
and lead to ventricular failure, and the pa-
tient’s cardiac function should be considered 
before HBOT if appropriate. Most patients 
with well-compensated heart failure experi-
ence few problems during HBOT.

Patients with chronic respiratory failure 
and hypercapnia may be at risk for acute 

hypoventilation because hyperoxic breathing 
suppresses the hypoxic respiratory drive. 
Although this risk is low in well-equilibrated 
patients, monitoring transcutaneous pressure 
of oxygen and carbon dioxide is important in 
these patients.

Relative Contraindications Because 
of Unacceptable Risks due to Psychologic 
and Behavioral Issues

Claustrophobia and anxiety should be con-
trolled by psychological support or anxiolytic 
drugs, or both, to safely administer HBOT. 
Despite patient education and staff supervi-
sion, some patients may not comply with 
safety measures. Lack of compliance with 
safety measures despite staff efforts is a con-
traindication to HBOT.

CONSEQUENCES FOR CLINICAL 
PRACTICE

Once the potential hazards and contraindica-
tions to treatment are identifi ed, there should 
be specifi c procedures to identify these issues 
to reduce patient risk. This is accomplished at 
the initial medical consultation and with a 
proper surveillance program.15,28,56

Initial Medical Consultation

During the initial medical consultation, the 
physician not only has to consider the indica-
tion for HBOT referral but also has to evaluate 
the patient for potential contraindications. A 
treatment-specifi c medical history and clinical 
examination should be performed. Otoscopy 
with observation of pressure equalization ma-
neuvers is appropriate. A chest radiograph 
and, for adult patients, an electrocardiogram 
may be required. Pulmonary function tests 
with spirometry are useful to evaluate the re-
spiratory condition of selected patients but 
are generally not needed.

The results of this initial medical consulta-
tion should be placed in the patient’s record 
and there should be a specifi c plan for patient 
management during his or her stay at the 
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