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To my Wife Sandy, who endured watching long
enough and then became my partner in both diving
and diving education.



HUGH GREER, M.D.

Hugh D. Greer was a former contributor to Diving Medicine and a recognized authority in the
neurologic aspects of diving. He died suddenly while swimming on October 2, 2001. Dr. Greer
was born in Madison, Wisconsin in 1932 and joined the Navy Reserve as a midshipman in 1949.
After completing college at Dartmouth, he was commissioned as a Lieutenant Junior Grade
in the Navy and was a member of Underwater Demolition Team 22 until his discharge in 1956.

He attended Medical School at the University of Kansas and received his medical degree in
1960. He interned at the Mary Hitchcock Hospital from 1960 to 1961 and continued his training
in neurology at the Mayo Clinic. Dr. Greer pub-
lished several papers in clinical neurology and
was board certified in neurology and psychia-
try. He joined the Santa Barbara Clinic as a clin-
ical neurologist in 1964, where he remained
until his death. Over his many years at the
Clinic, he developed expertise in the neurologic
aspects of diving and became recognized as an
international expert. Dr. Greer was formally
trained in diving medicine through the National
Oceanic and Atmospheric Administration
program in 1978. He served as an adjunct sci-
entist to the USC Institute of Marine and Coastal
Studies and was a diving medicine consultant
to the Catalina Hyperbaric Chamber, Santa
Barbara City College, and a number of commer-
cial diving companies. He was a fellow of the
Explorers Club of New York. Along with Dr. Paul
Linaweaver, he directed the southwestern divi-
sion of the Divers Alert Network. Throughout
his career, he continually published in the liter-
ature of diving medicine and contributed the
chapter on the neurologic aspects of diving in
the second and third editions of this text.

Dr. Greer contributed to the governance of
the Santa Barbara Clinic by serving at various
times as the President of the Board of Trustees
and as President of the Board of Directors.

Dr. Greer was a fellow of the American
Academy of Neurology, a fellow of the
American Academy of Electromyography
and Electrodiagnosis, and a member of the
Undersea and Hyperbaric Medical Society.
He is survived by his wife, son, two daugh-
ters, and six grandchildren.

Paul G. Linaweaver, M.D.




SUK-KI HONG, M.D., Ph.D.

Suk-Ki Hong, author of the chapter on breath-hold diving in the second and third editions of
Diving Medicine, died on October 4, 1999. Dr. Hong’s studies in diving physiology encompassed
both human breath-hold diving and saturation diving and were performed in collaboration with
colleagues in Korea, Japan, Europe, and the United States. His publications concerning breath-
hold diving covered 35 years and constitute the most thorough record in the literature on all
aspects of breath-hold diving. Throughout his career, Dr. Hong received numerous awards for his
work in diving medicine. His scientific legacy is not only the impressive volume and quality of
his research publications but also the many
students and fellows who now follow in his
path and have gone on to productive scientific
careers in many parts of the world.

Dr. Hong’s generosity with his ideas, his
comprehensive knowledge, and his unselfish
good nature earned him the enduring respect
and genuine affection of all who had the good
fortune to know him. Even though he was a
famously hard worker, setting high standards
for himself and his associates, he was always
constructive and truly interested in bringing
out the best in people. His desire to excel was
always tempered by his humanity, sense of
fairness, and lively sense of humor. His family,
friends, and colleagues sorely miss him.

Charles V. Paganelli
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Foreword

Advances in diving medicine have intermit-
tently followed and led the past 100 years of
astounding engineering developments in
practical operational diving. Two milestones
in treating the triad of decompression sick-
ness, nitrogen narcosis, and oxygen poisoning
were Haldane’s increase in helmet ventilation
to avoid the effect of CO, compounding nitro-
gen narcosis and the permanently sensible
concept of multiple exponential uptake and
elimination of inert gas in albeit indefinable
body microtissues during compression and
decompression.

In the 1920s and 1930s, dedicated diving
medical giants related to the U.S. and British
Navies laboriously established improved
tables for limited air diving, derived in part
from Haldane’s concepts of staged decom-
pression to “avoid formation of gas bubbles.”
These groups then responded to the sugges-
tions of Hildebrand in 1924 and to civilian
open-water diving trials concerning the use
of helium to avoid the narcosis induced by
nitrogen in deep air diving. These groups
developed equipment and procedures to
facilitate decompression by using helium
with high levels of inspired oxygen in both
working and decompression phases (the
tables were baptized in the severe challenges
of the salvage of the U.S.S. Squalus). In labo-
ratory experiments on human divers, these
groups explored the degrees of hyperoxic
exposure that would avoid the drastic diving
hazard of oxygen convulsions.

These early advances in suited hardhat
diving and in the prevention and therapy of
decompression sickness were refined in
Navy laboratories by trial and error in large
numbers of practical tests. These allowed
empirical adjustment around a theoretical
base. The rules were established and the
equipment designed to encase the diver,
provide security and stability at the work
site, and provide for safe passive extraction
back to the surface when necessary. Before
1940, diving that required backup and devel-

opments by diving medicine was essentially
limited to naval services.

The extensive damage resulting from World
War 1II turned Navy salvage diving methods
development back to shallow air diving for
clearing harbors alongside Army Engineer
diving. However, before and during that war,
a new form of diving evolved in Italy, the
United States, and the United Kingdom: pure
oxygen diving with rebreathing and carbon
dioxide absorption in closed-system “pendu-
lum” and “circuit rebreathing” designs. The
resulting Self-Contained Underwater Breath-
ing Apparatus—scuba—provided complete
independence from the surface. The require-
ment now was to closely match detailed
engineering design with the human physio-
logic demands of covert, long-duration sub-
mergence astride an underwater “chariot”
or, for neutral-buoyancy underwater swim-
ming, with “fins” over long distances at
variable depths. The specific stresses were
temperature, the toxicity of oxygen, and
carbon dioxide accumulation, none of which
was solvable by medical guidance alone.

These military operational advances were
generally not well known because of their
initial highly secret status, but the neutral-
buoyancy shallow diving method using pure
oxygen opened wide new areas of basic phys-
iologic research interest important to oxygen
therapy, respiratory and circulatory regula-
tion, blood gas transport, the concept of
damage by free radicals, improved therapy of
all decompression sickness, and expanded
recognition of the usefulness of oxygen in
diving gas mixtures to limit inert gas uptake
and accelerate its elimination.

After World War II, wide civilian use of a
demand valve for self-contained, open-
system air breathing underwater swung the
cycle of diving medical interest back to
the classic naval guidelines for air diving.
The relative safety of the open-system
method for shallow air diving allowed many
millions of individuals to begin diving for
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sport. The result was a parallel expansion of
interest by civilian physicians in diving and
diving medicine while military interest
was low.

This book on diving medicine has pro-
vided a window on the continually expanding
scope of operational and scientific accom-
plishment related to all forms of diving, from
their beginnings to the extreme range of
present activity. The book is generally con-
cerned with the effects of self-imposed expo-
sures to stresses by otherwise healthy
persons rather than with spontaneous
disease occurring in working divers. Stresses
may be small or severe. Today, most sport
diving involves the relaxed, harmless, and
pleasurable activity of air breathing and
seeing during submerged swimming in con-
ditions of neutral buoyancy in clean, warm,
shallow water. This hardly requires the atten-
tion of diving medicine. In the usual properly
controlled circumstances of current open-
circuit diving, stress and its effects are incon-
sequential; problems relate to the potential
for accident rather than to intolerance of
stress.

However, diving is not just breathing
underwater, and all divers are not normal.
With increased degree and durations of
exposure to hydrostatic pressure, respira-
tion of inert and chemically active gases, and
severe thermal environments, the varied
forms of physiologic stresses inherent to all
types of diving may be intrinsically harmless
but can lead to personal hazard or death in
the unnatural underwater situation. The
commercial working diver or the military
combat diver continues to encounter the
most severe combination of stresses and
physiologic trauma of any form of human
activity. At the extremes of practical forms of
working diving, the individual is exposed to
resistance to breathing, toxic effects of
increased oxygen pressures, mental dulling
by nitrogen, neurologic derangement due to
the effects of physical ambient pressure,
incapacitating loss or excess of body heat,
and damage due to failure to avoid free gas
phase development in body tissues. Because
each of these stresses is a consequence of
exposure to the pressure or temperature of
water, or both, disease is always possible.
The composite result of multiple added
stresses is unpredictable and conducive to
accident or failure.

From my vantage point as an equipment
designer, operational diver, investigator, and

diving physician, [ am impressed by the col-
lective breadth of scientific competence rep-
resented by the many contributors to this
text. Such detailed expertise was hard to
come by. How did it develop?

The evolution of clinical or technical close
communion has played a special large role in
accelerating research and development in
diving and diving medicine. The present
state of instantaneous voice or graphic com-
munication should be contrasted with the
previous limitations of worldwide direct per-
sonal communication by mail and ship prior
to World War IL

The expansion of interest and activity fol-
lowing World War Il was directly aided by the
U.S. Office of Naval Research’s interest in
sustaining international medical research in
aviation and diving and other forms of phys-
iologic environmental stress. This effort
stimulated development of a National
Science Foundation and the National
Institutes of Health, with each new agency
actively supporting undersea biomedicine
for several decades. All of this individual and
agency initiative, communication, and
national support gave rise to spontaneous
and wide activity in university laboratories,
including development of new laboratory
systems for pressure and thermal environ-
mental research. The composite of univer-
sity, industry, and naval interest investment
and work was worldwide.

Two large steps were responsible for the
special worldwide influence on the course of
international communication and the advance
of undersea activity and medicine. One was
the 30-year triennial series of International
Underwater Physiology Symposia. The other
was establishment of an Undersea Medical
Society, which in turn spawned a European
Underwater Biomedical Society and satellites.
All participants enjoyed the new practicality
of international travel and continuous direct
scientific communication. Interest in diving
medical research expanded concurrently with
the initiation and gigantic growth of an
offshore petroleum industry, diving for rec-
reation, and military clandestine diving
equipment. Inevitably, hyperoxygenation
therapy research and application became
important for clinical disorders beyond the
scope of diving decompression incidents.

With all of the varied forms and purposes
of human underwater activity and the
expanding ranges of interacting stresses,
modern diving medicine must continue to



assume clear responsibilities. It has a “need
to know” in all areas of physical and phys-
iologic stress. It has a primary role in aiding
and providing operational guidelines,
which prevent pathophysiologic failure or a
pathologic event. It serves to provide a
rational basis for effective therapy of
diving-induced damage. It must conduct
new research to further advance diving
activity and the therapy of diving-related
disorders.

Foreword xv

As [ said in the prior edition of this book,
personal gratification afforded by the
advancement of the scientific bases for oper-
ational roles is enlarged by a close aware-
ness of why it all took so long.

Christian J. Lambertsen, M.D.

Founding Director

Institute for Environmental Medicine and
Director, Environmental Biomedical Stress
Data Center, University of Pennsylvania



Preface

This edition of Diving Medicine continues
our effort to provide physicians who care for
divers, or who may encounter diving-related
questions in their practice, a compendium of
diving medicine that can be used as a daily
practice aid and as a general reference for
patient care related to diving.

To this end, we have added a chapter on
diabetes and diving by Drs. Scott and Marks
that is applicable to the recreational diving
community (but that does not apply to com-
mercial or military diving). We have also
expanded several of the clinical chapters to
cover topics that have appeared since the
publication of the third edition. Medical eval-
uation for sport diving is covered in a
specific chapter and is separated from com-
mercial and military diving. Drs. Smith and
Butler provided an insightful chapter that
reflects their extensive experience in Navy
diving and can be used by Diving Medical
Officers in many navies of the world.
Dr. Flynn’s chapter is also pertinent to mili-
tary diving. Dr. Elliott provided an update on
assessment for commercial diving.

Most chapters have been significantly
revised. Chapter 2, Diving Physics, and
Chapter 5, Breath-Hold Diving, have new
authors who provide expanded insight into
these two areas of diving medicine. Some
chapters describe slowly changing areas of
diving medicine and have undergone
minimal modification. Dr. Hamilton demon-
strates his considerable expertise in mixed-
gas diving with an excellent review of the
topic in Chapter 6. Dr. Vann has considerably
revised the chapter on mechanisms of
decompression sickness, and Dr. Moon’s
chapter on treatment of decompression sick-
ness is an excellent summary of the recent
changes in approaches to treatment of
diving-related disorders. Dr. Neuman pro-
vides updates to the chapters on baro-
trauma, near drowning, and pulmonary
disorders. These chapters bring the most
recent information and clinical opinion to
these topics. In particular, the revision of

clinical thinking on asthma and diving is
addressed in Chapter 24. The cardiovascular
chapter has been updated to reflect the accu-
mulating information on patent foramen
ovale, the exercise workloads required for
diving, concerns with cardiac arrhythmias,
and the application of newer coronary inter-
ventional procedures. Drs. Tipton, Mekjavic,
and Golden have contributed a new chapter
on hypothermia. Dr. Taylor provides an
excellent updated review of issues related to
women and diving. Her review of sports
medicine, exercise in women, and exercise
during pregnancy offers a practical approach
to understanding the unique situations of
women who dive. Previous material on
marine intoxication is now a separate
chapter that complements Dr. Edmonds’
chapter on hazardous marine life. We have
added an appendix on diabetic protocols for
diving that supplements Chapter 26. Special
appreciation goes to Dr. Massey, who agreed
to complete the work of Dr. Greer on the neu-
rologic aspects of diving.

We continue to use the standard nomen-
clature for diving-related disorders rather
than one of several proposed changes in the
description of diving disorders. In particular,
the use of the term decompression illness is
used when addressing the totality of disor-
ders related to decompression (i.e., decom-
pression sickness and lung barotrauma with
arterial gas embolism). Decompression sick-
ness in this text describes disorders caused
by evolution of bubbles in gas-supersaturated
tissues; pulmonary barotrauma and arterial
gas embolism indicate disorders due to physi-
cal expansion of gas and mechanical injury to
lungs with subsequent embolization of air in
the vascular system. Neither term includes
the other, and overlapping clinical syndromes
are mentioned where appropriate. We under-
stand the difficulty in some cases of ascribing
the symptoms or signs to one disorder or the
other; however, this system of nomenclature
reflects the current understanding of diving
pathophysiology and follows the usual
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method of categorizing diseases by their
pathophysiology rather than by their symp-
toms or signs. In particular, the medical
evaluation of a diver with a diving-related
disorder and prognostic advice demand that
the pathophysiology be elucidated to the
extent possible.

Since the publication of the third edition
of Diving Medicine, two of our chapter
authors, well-respected physicians and
scientists in diving medicine and physiology,
have died. A short memorial is provided to
honor Drs. Hong and Greer for their impor-

tant contributions to this text and to the field
of diving medicine.

This edition follows the tradition of pre-
vious editions in that chapters are written by
physicians and scientists who are expert in
their fields. We are grateful for the time and
energy committed by all of the contributors
to this text who share their extensive knowl-
edge with the world’s diving community.

Our goal, and that of this text, is to
improve the health and safety of all divers.

Alfred A. Bove, M.D., Ph.D.



\Ziizrzie | A Short History of Diving

and Diving Medicine

Man’s first entry into the sea was through
breath-hold diving, undoubtedly to harvest
shellfish and to retrieve lost tools or uten-
sils. From early history we find that breath-
hold divers accomplished such prodigious
amounts of work that they became econom-
ically important. In many areas of the world,
commercial pearl and pearl-shell diving still
relies on the breath-hold diver to a great
extent. Depths of 60 to 80 ft are common,
and commercial breath-hold diving has
reached depths of 100 ft.

Even treasure has been salvaged using the
free diver. In 1680, Sir William Phipps recov-
ered some £200,000 in sterling silver from a
wrecked Spanish galleon in the Caribbean,
and the “fishing up of the wrecked plate ships
at Vigo Bay” cited by Stevenson in Treasure
Island was accomplished by naked divers.

The depths that can be reached by the
breath-hold diver depend on two factors. The
first is how long divers can hold their breath
without the CO, level in the blood forcing
them to breathe (breath-hold breaking point).
The second is the relationship between total
lung capacity and residual volume. As pres-
sure is increased on the lung, its volume is
decreased, and even with a thoracic blood
shift to fill some of the space, lung squeeze
occurs somewhere in excess of 150 to 200 ft.
However, certain exceptional persons with a
high tolerance for CO, who have practiced
breath-hold diving have set extraordinary
depth records. A record of 247 ft was set in
1967 by Robert Croft, a U.S. Navy submarine
engineman and escape-training tower instruc-
tor. Jacques Mayol, a Frenchman, set a record
of 282 ft in 1973, surfacing fully conscious
without the help of a positive buoyancy aid
on ascent. In January 2000, Francisco
Farreras set the current world breath-hold
depth record of 531.5 ft off Cozumel, but his
ascent was aided by an inflated buoy. (See
Chapter 5.)

Eric P. Kindwall

BELL DIVING

The use of the diving bell, which consists of
trapped air in an inverted container, was the
next method employed to extend working
time on the bottom.

The diving bell is first mentioned in a
French manuscript of 1250 Ap, which has a
fanciful illustration of Alexander the Great
descending in the diving bell at the Siege of
Tyre in 332 Bc. It is highly unlikely that
Alexander ever did go down in a diving bell,
but he was shrewd enough to use military
divers (free swimmers) for destroying enemy
vessels.

The first modern records of diving bells
used in practical salvage start in the 1640s,
when Von Treileben used a primitive bell in
the salvage of 42 cannons from the sunken
Swedish ship of the line Vasa, which lay in
132 ft of water in Stockholm Harbor. The bell,
shaped like a truncated cone, had no air
supply other than that contained within the
bell. Divers would descend to the bottom in
the bell, swimming from the bell to the wreck
to attach lines to the objects to be salvaged
and returning to the bell for a breath of fresh
air between excursions. Bell divers soon
learned that the air at the top of the bell was
more breathable than that at the bottom after
they had been working for some period under
water. CO, is slightly heavier than air, and as it
accumulated, the CO, became more concen-
trated along the surface of the water toward
the bottom of the bell. There is no report
of decompression sickness among Von
Treileben’s submarine workers, but it is
extremely possible that by working at those
depths, especially if several dives a day were
made, they could have absorbed enough
nitrogen into their systems to have caused
decompression sickness. The amount of work
that was accomplished by those early bell
divers is amazing; in 1960, a single remaining
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bronze cannon was recovered from the same
wreck by a helmeted deep-sea diver. Even
with all of the advantages of modern equip-
ment and a 150-ton floating crane, it took the
diver 1% days to remove the gun.

The next recorded note of a diving bell
dates to 1690, when Halley (discoverer of the
comet) devised a successful bell with the
first system for renewing air within the bell
while it was on the bottom. Lead-weighted
barrels carried fresh air down to the occu-
pants of the bell. Halley’s bell was somewhat
cumbersome and heavy, but we have records
that it was used to depths of 60 ft. It is
unlikely that it was used to perform any prac-
tical salvage.

The first modern practical diving bell was
invented by Smeaton in 1790 with a workable
force pump to continuously refresh the air in
the bell. This bell, or caisson, was the fore-
runner of all modern types. It was first used
in Ramsgate Harbor, England, for breakwater
construction. Caissons are still used for the
construction of bridge piers in much the
same manner that Smeaton used his.

SURFACE-SUPPLIED
DIVING GEAR

The object of having a man free to walk
around the bottom without having to hold his
breath or return to the safety of a diving bell
was first realized when Augustus Siebe
invented his diving dress. Siebe was a German
coppersmith working in London. In 1819, he
devised a diving rig that consisted of a copper
helmet riveted to a leather jacket. The diver
entered the dress through the open waist and
then thrust his arms into the sleeves with his
head protruding into the helmet. There was
no control over the amount of air entering the
helmet, and the excess air bubbled out
around the diver’s waist. Other inventors had
tried their luck at similar designs, but appar-
ently Siebe’s diving dress was accepted
because of his extremely reliable and success-
ful force pump that produced the necessary
compressed air. Siebe’s original rig was used
for successful salvage work on the sunken
British warship, The Royal George, and was
used by divers on many other important pro-
jects. It had one disadvantage in that if the
diver lay down or turned upside down, the
dress quickly filled with water and he was
likely to drown. Nevertheless, this primitive
apparatus accomplished much useful salvage.

A Short History of Diving and Diving Medicine

Siebe was a constant innovator, and by
1837 he had improved his design. This device
consisted of a full suit that was waterproofed
and could be bolted to a breastplate and
helmet. Because the suit covered the diver’s
entire body, divers could work in any position.
Valves were provided for admitting varying
amounts of air to the diving suit as needed,
and an air exhaust valve was provided in the
helmet. The 1837 Siebe closed-dress design
proved itself so successful that it has
remained essentially unchanged to the
present day for classic deep-sea diving. The
United States Navy Mark V deep-sea diving
suit, which was used by the Navy until the
mid-1980s, is almost an exact copy of Siebe’s
original 1837 design, except for some
refinements in materials and improvements in
the valves. Navy instruction with the Mark V
ceased in 1982, and it was officially replaced
by the Mark XII in 1986. A number of commer-
cial harbor divers still use this device,
however.

The classic deep-sea diving suit remained
unchallenged until approximately 1945, when
a lightweight diving mask for work down to
depths of 90 to 100 ft was introduced. This
was designed by a Milwaukee diver, Jack
Browne, and was manufactured for the U.S.
Navy. It subsequently became widely used
among commercial divers, especially in the
Gulf of Mexico.

It was also at the end of World War II that
the self-contained underwater breathing appa-
ratus (scuba) first made its appearance
outside of occupied France. It had been
invented in 1943 by Emile Gagnon and Jacques
Cousteau. The Cousteau-Gagnon patent had at
its heart a demand regulator that automati-
cally delivered only the amount of air the
diver needed at any depth to which he dived.
This simple but ingenious device presaged the
current boom in sport diving and was adapted
for a number of commercial applications.
Since 1960, there have been many advances
made in deep-sea diving equipment, with the
use of more modern helmets made of space-
age materials, hot-water-heated suits for
thermal protection, and combinations of
diving bells and diving suits.

DECOMPRESSION
SICKNESS

Sir Robert Boyle provided the first hint as to
the cause of decompression sickness in 1670
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when he produced symptoms of decompres-
sion sickness in a snake that had been placed
in a vacuum chamber. He was prompted to
write: “I once observed a Viper furiously
tortured in our Exhausted Receiver ... that
had manifestly a conspicuous Bubble moving
to and fro in the waterish humour of one of its
eyes.” Thus, Boyle noted that rapid reduction
of ambient pressure may result in the produc-
tion of bubbles in the tissues of the body.

The first description of the symptoms of
decompression sickness in humans was pro-
vided by Triger in 1841. The victims in this
case were coal miners who worked in mines
pressurized to keep out the water. Triger
noticed that some men suffered cramps and
pains in their muscles after leaving com-
pressed air, and apparently their symptoms
were treated vigorously with cognac (“spirits
of wine”) given both internally and rubbed
on externally. We have no report as to how
they later fared.

In 1854, Pol and Watelle began to study the
phenomenon of decompression sickness.
They noticed that this disease was always
associated with leaving the compressed air
environment. “One pays only on leaving,”
they wrote. They also noted that a return to
compressed air alleviated the symptoms.
They pointed out that young men of 18 who
had “not reached their greatest mature phy-
sical strength” suffered less from decompres-
sion sickness symptoms than those in their
mid-30s “who were in their prime.” The first
scientific approach to the problem of decom-
pression sickness was begun by the French
physiologist Paul Bert, when he published his
monumental book, Barometric Pressure, in
1878. Bert was able to demonstrate that
bubbles associated with symptoms of decom-
pression sickness were formed during rapid
decompression and, furthermore, that these
bubbles consisted mainly of nitrogen. Bert
also discovered that oxygen is toxic when
breathed under pressure; the convulsions
that occur when oxygen is breathed for any
period of time at pressures greater than 33 ft
have been called the “Paul Bert effect.”

The word bends as a synonym for decom-
pression sickness came into being during the
construction of the piers for the Brooklyn
Bridge. The fashionable ladies of the era had
an affected posture for walking called “the
Grecian bend.” Workers emerging from the
caisson, limping with symptoms of decom-
pression sickness, were chided by their
fellows for “doing the Grecian bend.” This
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was later shortened to simply “the bends”
and subsequently became legitimized by
use.

Although Pol and Watelle had recognized
that reexposure to compressed air amelio-
rated symptoms of decompression sickness,
there is no recorded evidence that they used
it as a treatment. Andrew Smith, a throat
specialist at the Manhattan Eye and Ear
Hospital, who was engaged as medical
advisor for the Brooklyn Bridge caisson
work, observed the same thing but called
such treatment “the heroic mode” and never
applied it either. The reason for this is that
putting a bends victim back into compressed
air seemed to be homeopathic treatment.
Because compressed air was known to cause
the disorder, physicians were loath to rec-
ommend more of it for cure.

It remained for E. W. Moir, a British engi-
neer, to first utilize purposeful recompres-
sion for treatment of bends. In 1889, efforts
were being made to drive railroad tunnels
underneath the Hudson River. At the time
Moir took over as project superintendent,
the death rate from decompression sickness
among the workers was 25% per year. Moir
erected a recompression chamber at the job
site and promptly recompressed any worker
with symptoms—followed by a slower
decompression. Although in his own descrip-
tion of his work he admitted his treatment
was homeopathic, he reduced the mortality
rate to 1.6%.

By the turn of the century, even though
the cause of decompression sickness was
known to be nitrogen bubbles evolving
within the body and the symptoms could be
relieved by returning to increased pressure,
there were no decompression schedules that
could be followed to minimize the possibility
of decompression sickness occurring. The
Royal Navy consistently used divers in its
routine operations, and so it commissioned
J. S. Haldane to work out a set of decompres-
sion schedules that could be written down in
tabular form and followed by its fleet divers.
In 1908, Haldane published the first set of
practical, though empirical, decompression
schedules. In his work, Haldane demon-
strated that the body could tolerate a two-to-
one reduction in ambient pressure without
symptoms. All common decompression
schedules in use since have been based on
Haldane’s method.

The Haldanian schedules were found to be
quite realistic over their middle range, but
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divers soon found that it was possible to “cut
corners” on short, shallow dives without
risking bends and that on long, deep dives,
the Haldane tables were not conservative
enough. Haldane’s tables were modified
empirically over the years to solve these
problems. Haldane must also receive the
credit for developing the concept of half-time
tissues; he realized that all of the tissues of
the body absorb nitrogen at varying rates,
depending on their vascularity and the types
of tissue involved. Recognizing that this was
a spectrum that probably went from seconds
to hours, he arbitrarily chose to recognize
the existence of 5-, 10-, 20-, 40-, and 75-min
half-time tissues for mathematical conven-
ience in calculating nitrogen uptake and elim-
ination. He assumed that nitrogen uptake
and elimination occurred at equal rates and
that the longest half-time tissue in the body
was probably 60 min. He therefore assumed
that the body would essentially achieve total
saturation in 6 hours. However, he made his
longest tissue 75 min just to be on the safe
side. Since that time, the U.S. Navy standard
air decompression tables have been based
on a 12-hour period for total saturation, and
the exceptional exposure air tables have
been based on a 24-hour time period for total
saturation. Even longer tissue half-times
have been developed for saturation diving.

INCREASING DEPTHS
AND EXPERIMENTS
WITH HELIUM-OXYGEN
BREATHING

In 1915, the United States Submarine F-4 sank
in 306 ft of water off Honolulu. The U.S. Navy
was anxious to recover the submarine and
bodies of its crew, and thus diving opera-
tions were commenced. In that year, Frank
Crilley set a world depth record of 306 ft by
descending to the submarine and attaching a
large hawser to it. The pressures at such
depths are enormous, having been enough to
completely crush the sides of the submarine
and to reveal the outlines of the diesel
engines beneath. The fact that Crilley was
able to dive to this depth and return to the
surface alive, using the primitive decompres-
sion schedules then employed, was astound-
ing. Perhaps Crilley’s size had something to
do with it: He weighed only 127 pounds.
Three hundred feet is still about the extreme

A Short History of Diving and Diving Medicine

limit for compressed air diving; the nitrogen
narcosis at that depth renders all but the
most experienced divers incapable of any
kind of useful work. The current U.S. Navy
maximum operating depth for compressed
air diving is 190 ft.

Because air seems to have a limit of
approximately 300 ft, the physiologist Elihu
Thompson wrote a letter to the Bureau of
Mines in 1919 suggesting that helium mixed
with oxygen might be used as a diving gas.
Because helium is so much lighter than
nitrogen, he thought that, with the decreased
breathing resistance, permissible diving
depth might be doubled. Nitrogen narcosis
was still not understood in 1919. The British
Admiralty, along with the United States
Bureau of Mines, began experimenting with
helium-oxygen mixtures and thought that
bends might be avoided because nitrogen
was no longer in the breathing mixture.
However, because Royal Navy divers experi-
enced severe decompression sickness after
breathing helium, even when decompressed
on conservative air decompression sche-
dules, they concluded that it was unsafe as a
diving gas and ceased further experiments.
The U.S. Navy Experimental Diving Unit,
which had worked with the Bureau of Mines
on helium, also abandoned its studies of
helium in 1924 because helium seemed to
produce decompression sickness more
quickly than when compressed air was
breathed. In Admiral Momsen’s words,
experimentation with helium diving was “put
very much on the back burner.” Because of
the necessity to dive to great depths on
occasion for military operations, Damant
extended the original Haldane air schedules
to 320 ft in 1930.

NEW DEVELOPMENTS

Occasionally, divers returning to the surface
from trivial depths (<33 ft) suffered sudden
incapacitation. This was attributed to a
capricious form of decompression sickness,
and indeed the U.S. Navy reported two cases
of “unusual decompression sickness in 16 ft
of water” in the mid-1930s. Both of these
cases proved fatal, but the mechanism of
death was not understood. Submarine
escape training began in the U.S. Navy at the
beginning of the 1930s, and occasionally
even with the use of the Momsen lung,
trainees would experience severe distress or
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die quickly after surfacing. Further investiga-
tion revealed that death in these cases was
due to overdistention of the lungs, with
subsequent rupture and escape of air into
the pulmonary veins. From the pulmonary
veins, the air bubbles were directed to the
left heart and thence to the brain. Cerebral
air embolism became recognized for the first
time. When it was understood that air
bubbles in the brain were the cause of the
symptoms and that nitrogen alone was not
involved, immediate recompression to 165 ft
became the standard treatment, and the
victims of air embolism were treated as
though they had severe decompression
sickness. Most of them survived when imme-
diately recompressed, and eventually recom-
pression chambers were installed at the top
of the submarine escape training towers in
New London, Connecticut, and in Honolulu
to handle such cases.

Meanwhile, Albert R. Behnke, a U.S. Navy
Submarine Medical Officer and an outstand-
ing scientist, became interested in the
problem of mental deterioration when the
divers exceeded depths of 150 ft. Using
mixtures of gases other than nitrogen, he
demonstrated that heavier inert gases
produce more narcosis and that nitrogen
produces mental deterioration in air diving.
Behnke also demonstrated that high levels of
CO, contribute to nitrogen narcosis but that
nitrogen itself is the culprit. He showed that
the narcotic potency of any inert gas is pred-
icated on its oil-water solubility ratio and,
like the inhalation anesthetics, followed the
Meyer-Overton hypothesis for predicting
anesthetic effect.

HELIUM REVISITED
AND NEW DEPTH
RECORDS SET

In 1937, Edgar End, a 26-year-old intern at the
Milwaukee County General Hospital, thought
that helium could be used successfully to
avoid nitrogen narcosis. He was undeterred
by the fact that both the British Admiralty
and the U.S. Navy Experimental Diving Unit
had been unable to successfully adapt helium
for diving. By performing some original calcu-
lations, he developed a set of helium decom-
pression schedules that he thought would be
compatible with this rapidly diffusing gas.
Together with Max Gene Nohl, a friend and a
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Milwaukee diver, End breathed helium-
oxygen in an old recompression chamber
located at the Milwaukee County Emergency
Hospital. The two men found that they could
surface safely from depths of 100 ft after
various exposures breathing helium. Using
Nohl’s self-contained suit, they conducted a
series of open-water dives in Lake Michigan to
increasing depths until finally they surpassed
Frank Crilley’s record and set a new world
depth record of 420 ft in December of 1937,
diving from a Coast Guard cutter off Port
Washington, Wisconsin. Nohl surfaced safely
without signs of decompression sickness.
After End and Nohl proved that helium could
be used successfully for deep diving, the
Navy stepped up its own interest in helium/
oxygen experimentation. By 1939, a series of
helium/oxygen decompression schedules
that had been developed by Behnke were
ready. The helium/oxygen equipment had
been sent to a warehouse at Kittery, Maine,
for field-testing in the summer of 1939 when
the submarine U.S.S. Squalus, operating out of
Portsmouth, New Hampshire, sank off the
Isles of Shoals in 240 ft of water.

The submarine was quickly located, and
the first dive was made on compressed air.
The downhaul cable to the torpedo room
hatch had parted, and a compressed air diver
was too confused to replace it. A diver
breathing helium then went down and accom-
plished the task with ease. Some 36 men were
rescued from the submarine using the
McCann Rescue Bell, and then the actual
salvage of the submarine was carried out
using the new helium/oxygen schedules and
equipment. Over 100 helium dives were made
on the Squalus, and it is remarkable that with
this first venture in deep water with a new
gas, not a single diver was killed or seriously
injured. For the next 20 years, the U.S. Navy
was to be the only user of helium/oxygen
diving (the United States had the only readily
available sources of helium), and all Navy
submarine rescue vessels were equipped
with helium/oxygen diving gear.

In April 1945, the previously mentioned
Jack Browne, son of a Milwaukee auto-
mobile dealer, had become interested in
diving and thought that a practical diving
mask could be more useful than the heavy
and cumbersome standard deep-sea dress.
He devised a triangular mask, and in a wet
test tank at the Diving Equipment and
Supply Company in Milwaukee, Wisconsin,
descended to a new world depth record of
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550 ft. The decompression schedules for
this dive were worked out by Edgar End
with some modifications by Behnke, who
was also present.

It was also in 1945 that the Swedish engi-
neer Arne Zetterstréom investigated the possi-
bilities of using a mixture of hydrogen and
oxygen for diving. Hydrogen-oxygen is non-
explosive when the oxygen percentage is less
than 4%. Zetterstrom reached a depth of
526 ft in the Baltic Sea in August 1945, and the
hydrogen-oxygen mixture was perfectly satis-
factory as a breathing mix. Unfortunately, he
was killed on ascent because of a winch acci-
dent that had nothing to do with his breath-
ing mixture. Hydrogen diving was not
attempted again until the 1970s, when Peter
Edel in New Orleans began experimenting
with gas on a contract from the U.S. Navy.

DEVELOPMENT OF
TREATMENT TABLES
FOR DECOMPRESSION
SICKNESS

Since E. W. Moir first introduced recompres-
sion as treatment for bends in 1889, there
have been many schools of thought as to
what the best treatment schedule should be.
Some thought that divers should be returned
to their original working pressure; others
held that divers should be taken to the depth
of relief; still others thought that the treat-
ment pressure should be the depth of relief
plus 1 atm. Then there were many schemes
for gradually reducing the pressure on divers
so that they would not sustain decompres-
sion sickness during ascent in the treatment
chamber.

In 1944 and 1945, the U.S. Navy studied all
of these methods and soon promulgated the
U.S. Navy Air Recompression Tables 1
through 4 (see Chapter 10 for further discus-
sion). These tables represented a ninefold
improvement over previous recompression
procedures and became the world standard of
treatment for the next 20 years. They embod-
ied the concept that the diver should be taken
to depth of relief plus 1 atm as a minimum,
with a 6 atm maximum, as a trade-off between
maximally compressing any offending
bubbles and causing too much nitrogen nar-
cosis and too much extension of subsequent
decompression time. For serious symptoms,
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they provided a “12-hour soak,” sometimes
known as the “overnight soak,” at the 30 ft
stop on return to the surface so that all
tissues could theoretically be equilibrated to
30 ft. In line with Haldanian theory, decom-
pression to the surface could then be safely
made without exceeding a 2:1 ratio for any
tissue. However, to be cautious, several more
hours were taken to allow decompression
from 30 ft. Tables 1 through 4 proved them-
selves fairly successful when used to treat
decompression sickness stemming from dives
carried out on standard Navy schedules. Air
was used as the breathing medium through-
out the tables, but oxygen was later intro-
duced for use in the shallower stops. The
shortest of the air tables, Table 1A, took
6 hours and 13 min, and Table 4 took
38 hours. The length of these schedules did
not make them popular with divers but
represented the only escape from unbearable
pain, paralysis, or both. The reason for the
length of the tables was the addition of iatro-
genic nitrogen to the patients’ tissues as a
consequence of treatment.

In 1947, Edgar End, still active in the diving
field, began treating caisson workers in
Milwaukee with oxygen, using the rationale
that gaseous nitrogen was the cause of the
patients’ symptoms and that the addition of
more nitrogen to the patients’ tissues, when
taken to great depth, only prolonged treat-
ment time. He generally treated his patients
for 1 to 2 hours at 30 lbs (67 ft) and then
decompressed them. His experience with
some 250 cases was excellent, but his data
using this method remained unpublished.

Since 1947, no diver or compressed air
worker has been treated for bends in
Milwaukee with compressed air treatment;
only oxygen has been used.

SATURATION DIVING

When a diver goes to depth under water, the
inert gas or gases breathed—nitrogen,
helium, or even hydrogen—begin going into
solution in the tissues. After many hours at a
given depth, probably in excess of 24 hours,
no more gas enters the diver’s tissues and a
state of equilibrium is reached. The tissues
are then totally saturated. After that time,
the decompression obligation is the same
whether the diver stays under water for
2 days or 2 weeks. This is commercially
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useful because the diver does not waste time
every day decompressing.

The first intentional saturation dive was
carried out by Edgar End and Max Nohl in
Milwaukee at the County Emergency Hospital
recompression chamber on December 22,
1938, when they spent 27 hours breathing air
at 101 ft. They underwent decompression
fairly successfully in about 5 hours, with only
Nohl experiencing decompression sickness.
These bends symptoms were treated with
moderate pressures of air with complete
relief. The reason for this experiment was that
horses and mules used for hauling muck cars
in compressed air tunnels were often kept in
the tunnels for the full length of the contract,
which might last many weeks or months.
Attempts at decompressing the animals
without them experiencing severe and dis-
abling decompression sickness had been
unsuccessful, so that animals were usually
killed before decompression. End reasoned
that, given enough time, decompression from
saturation could be successful—hence the
experiment on himself.

Practical saturation diving was first con-
ceived in 1957 by the late Captain George
Bond of the U.S. Navy when working in the
Submarine Medical Research Laboratory in
New London, Connecticut. Captain Bond
(then Commander Bond) envisioned under-
sea laboratories located at various depths
down to 600 ft on the continental shelf. He
calculated that by breathing helium, scien-
tists could work at full sea pressure in these
laboratories studying physiology, submarine
geology, and marine biology for prolonged
periods. They could then be transferred
under pressure by submarine vehicle to a
shallower habitat, where they could con-
tinue their studies while undergoing decom-
pression. Several habitats would be used,
each one at a shallower depth, so that finally
scientists could emerge with minimal decom-
pression after completing their tour of study,
which might last weeks.

It was first necessary to demonstrate that
animals could tolerate saturation expo-
sures. These research efforts were called
Project Genesis and, after further work at
the Experimental Diving Unit in Washington
under the direction of R. D. Workman,
saturation decompression schedules were
devised for humans. These were later tested
in the open sea on Projects Sealab 1 and
Sealab 2. In 1962, Ed Link saturated a diver
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for 24 hours at a depth of 200 ft in the
Mediterranean. Captain Jacques Cousteau
also established saturation habitats in his
“Con Shelf” series.

In 1965 commercial saturation diving began
when Westinghouse, using their Cachelot
diving system, worked at 200 ft on the Smith
Mountain Dam in Virginia to replace faulty
trash racks. Divers were saturated for periods
of up to 5 days on this job. Since then, satura-
tion has become commonplace, especially in
oil field work, where periods of saturation up
to 2 weeks are routine and 1-month satura-
tions have occurred.

COMMERCIAL HELIUM
DIVING

With the advent of offshore oil production,
diving services were required in deep water,
especially on the West Coast of the United
States. Diving companies usually hired local
abalone divers to handle various odd jobs
associated with drilling rigs, but when
pressures of 250 ft were reached, the com-
pressed air equipment used by the com-
mercial divers caused nearly prohibitive
nitrogen narcosis. Dan Wilson, an abalone
diver from California, decided that helium-
oxygen was necessary. In 1962, using a
Japanese abalone deep-sea diving dress and
a special oronasal mask, he made the first
modern civilian helium dive to a depth of
420 ft. Within a year, he was contracting
helium-oxygen diving services to oil compa-
nies in the Santa Barbara area.

On the Gulf Coast, the oil rigs were also
moving into deeper water, and Edel calcu-
lated the first helium-oxygen schedules for
use in the Gulf in 1963. With the demand for
deep-sea commercial diving accelerating
rapidly, civilians developed new helium
equipment, and commercial helium diving
capabilities soon outstripped those of the
U.S. Navy. Bell diving also came into vogue
as a means of delivering the commercial
diver to the work site.

In all fairness to the U.S. Navy, it must be
stated that in the early 1960s, those respon-
sible for Navy budgeting could not identify
the operational necessity for deeper helium
diving or improved helium diving equipment.
It was only in the early 1970s that the U.S.
Navy again became active in doing frontline
research in this area.
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LOW-PRESSURE OXYGEN
TREATMENT OF
DECOMPRESSION
SICKNESS

By 1964, the Navy noted that the failure rate
for bends treatment using the schedules in
Tables 1 through 4 began to rise sharply. This
was because the Navy was called on to treat
more civilian scuba divers who had failed to
observe any kind of standard decompression
schedules. In 1964, the failure rate on the
initial recompression for serious symptoms
had risen to 47.1%. Workman and Goodman
of the U.S. Navy Experimental Diving Unit
reinvestigated the use of oxygen under low
pressure as the primary treatment modality
for decompression sickness. Oxygen had
been suggested by Behnke in 1939 as a prom-
ising treatment method after starting with a
brief excursion to 6 atmospheres absolute
(ata). After 3 years of work, the U.S. Navy
promulgated the low-pressure oxygen Tables
5 and 6 on August 22, 1967. At the same time,
Tables 5A and 6A for treatment of air
embolism were published (see Chapter 10).
The treatment times required for decom-
pression sickness were drastically reduced,
and the maximum depth of treatment was
only 60 ft (26.7 psig). Table 5 took only
135 min and had a failure rate on the initial
recompression of only 1%. For serious symp-
toms and recurrences, Table 6 took only
285 min, and the failure rate on the initial
recompression fell to only 3.6%. The use of
Tables 1 through 4 has now been nearly
abandoned. Continued experience with the
low-pressure oxygen tables revealed fre-
quent recurrences of decompression sick-
ness with the shorter Tables 5 and 5A, and
these also have been abandoned or have
seen limited use.

More recent animal research by Leitch
and others has shown that little or no advan-
tage is gained by going to 165 ft (6 ata) while
breathing air (per Table 6A) in the treatment
of embolism, and in fact it may do more harm
than good. For this reason, most facilities
now use mixed gas containing 50% oxygen-
nitrogen or helium-oxygen instead of air with
the 6 ata treatment depth. The importance of
using high partial pressures of oxygen in
treatment of bubble-related diving disorders
has been well established. The use of helium-
oxygen mixed gas at pressures greater than
2.8 ata was beginning to supplant nitrogen-
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oxygen mixtures by 1995. Also, pressures
greater than 2.8 ata using high concentra-
tions of oxygen had been shown to produce
better results than Table 6 in some very com-
plicated or delayed cases.

NEW PRESSURE RECORDS

In the mid-1960s, Hannes Keller, a Swiss
experimental diver, reached a depth of 1000
ft in the open sea using a proprietary blend
of gases, and the race for increasing depth
was on. In 1970, the British reached a depth
of 1500 ft in a dry chamber at the Royal Navy
Physiological Laboratory at Alverstoke,
England, using helium-oxygen as the breath-
ing mixture. A new phenomenon appeared
called the high-pressure nervous syndrome or
(HPNS). It was discovered that rapid com-
pressions to depths in excess of 500 ft could
bring on uncontrollable shaking and nausea
in the divers breathing helium. Bennett
found that slow compressions could be used
to minimize this problem, and the 1970
British dive was accomplished using several
days to reach maximum depth.

The French were in strong competition
with the British. Using slow compression,
they set a record of 1700 ft in the dry
chamber in 1971. Again in 1972, the French
set a new record of 2001 ft in the dry
chamber at the Comex facility in Marseille.
The U.S. Navy, using its Mark 1 deep-sea
diving system, set an open sea depth record
of 1010 ft off Catalina Island in June of 1972.
Commercial work has been performed at
depths exceeding 1300 ft. The current pres-
sure record is 2300 ft (701 m), set in 1992 at
Comex in the dry chamber. They used a
mixture of hydrogen, helium, and oxygen to
minimize HPNS and lower breathing resist-
ance. At Duke University, Bennett had dis-
covered that adding 10% nitrogen back to the
gas mixture could alleviate most of the clini-
cal symptoms of HPNS. This finding enabled
compression to 1000 ft in less than half an
hour without symptoms. Later it was found
that hydrogen has a narcotizing or anti-HPNS
capability slightly less than nitrogen, but
being much lighter and less dense, consider-
ably eased the work of breathing when mixed
about half and half with helium. At depths
over 2000 ft breathing helium-nitrogen-
oxygen, half of the diver’s energy was
expended on the work of breathing.
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RECENT DEVELOPMENTS

Universities with oceanography programs
took an interest in diving, and civilian satu-
ration diving for research purposes gained
prominence in the late 1960s and the early
1970s. The U.S. Navy, along with other agen-
cies of the government, sponsored the
Tektite series of saturation dives to depths
of 50 ft in the Caribbean. The Tektite divers
breathed normoxic nitrogen-oxygen mix-
tures. Hydrolab was established by the
Perry Submarine Company off Freeport,
Grand Bahama, at depths of 42 and 60 ft.
Dozens of scientists have been saturated for
periods of up to 2 weeks in this habitat
breathing compressed air. Hydrolab now
resides in the Smithsonian Institution. The
Puerto Rican International Underwater
Laboratory was built with a saturation capa-
bility to 100 ft. The Tektite 2 series saw the
first all-woman team of aquanauts carry out
scientific research while saturated. Satura-
tion on air deeper than about 60 ft cannot
be carried out because of primary oxygen
toxicity considerations. Deeper than that,
mixed gas with a lesser partial pressure of
oxygen must be used.

Tri-gas mixtures became of interest com-
mercially in the 1960’s, and André Galérne of
International Underwater Contractors pio-
neered their use. These mixes consist of
helium, nitrogen, and oxygen and are being
used commercially more and more. Neon
and helium have been used experimentally.
The French, successfully experimenting with
mixtures of hydrogen and helium, reached
depths in the open sea greater than 1750 ft in
March 1988.
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Commercial contracts for deep diving
have become more sophisticated, and by
1974 contracts called for diving services to
depths of 1500 ft in support of offshore oil
production, if needed.

Studies to define limits and protect divers
exposed to increasing hydrostatic pressure
continue, but another development has been
the use of “1 atm diving systems” for deep
diving. These are basically submarines with
manipulators to allow the operator to work
at great depth while the interior is main-
tained at 1 ata and environmental control
systems maintain safe physiologic para-
meters. They range from armored one-
person 1 ata suits (e.g., Jim, WASP, and so
forth) to submersibles, which allow for more
than one occupant.

FUTURE RESEARCH

Diving depths to 3000 ft are now being con-
sidered with tri-gas mixes. Hydrogen as a
diving gas, under active investigation by
Comex in France, is showing great promise,
and the blood changes in decompression
sickness are beginning to be quantified. The
first symposium on blood changes in bends
was conducted in Toronto in 1973.

Today, more attention is being paid to the
study of the actual elimination curves of
inert gas during decompression, but empiri-
cism (using computer data) is relied on more
than mathematical models for devising
decompression tables. Future research will
undoubtedly provide answers to the exact
mechanism of inert gas elimination from the
body and what the tolerable limits of tissue
trauma may be during this process.



If one is to function normally and minimize
risk while exposed to the underwater envi-
ronment, where breathing requires a support
system, one must understand the physical
aspects of that environment. This chapter
defines physical concepts and presents
methods for solving problems related to
diving and exposure to the underwater
domain.

The physical environment is understood
through the interactions of five fundamental
properties: length, time, mass, force, and
energy (Table 2-1).

Measurements are generally based on one
of two systems. English system units were
derived from human anatomy or arbitrary
measurements: the foot (standard of length
since the Romans), the yard (girth around a
tenth-century Saxon king), the digit (width
of a finger), the palm (four digits), the span
(distance between the outstretched thumb
and the little finger, equal to 3 palms), the
cubit (distance between the elbow and the
tip of the middle finger, equal to 2 spans or
6 palms), the pace (one step, equal to 10
palms), the fathom (distance between two
outstretched hands, equal to 6 palms), and
the rod (allegedly the length of a line in front
of a medieval English pub, approximately
16 ft). Volume measurements in many areas
were based on the amount of water from the
Scottish river Tay. For example, the boil
(equal to 12 English gallons) was the amount
of clear water from the river Tay that

Table 2-1. Fundamental Measures Used
in Physics

Length Distance between two points

Time Measurement of duration

Mass Property of matter which resists a
change in movement

Force Push or pull that tends to produce a
change in movement

Energy Ability to do work
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Larry “Harris” Taylor

weighed 164 pounds. The English system was
formally “defined” in the reissue of the Magna
Charta in 1225, when Henry III agreed to have
one measure throughout the realm for wine,
ale, and corn. In 1324, the inch was defined as
the length of “three round and dry barley
corns, laid end-to-end.” Because the English
system represents a collection of measure-
ments evolved from the merging of many
cultures over thousands of years, it has a
multitude of possible measurements and no
apparent logical system of conversions.

The metric system, on the other hand, was
specifically developed to make conversions
between units simple. In the metric system,
all units are related by factors of 10. The orig-
inator is considered to be Gabriel Mouton,
who proposed a decimal system of units in
the year 1670. In 1790, the French Academy
developed a system of measures based on
astronomic (believed to be invariant),
instead of human anatomic, measures. Their
standard, the meter, was chosen from the
Greek word mefron, meaning “measure.” The
metric system was propelled into reality
during the time of the French revolution. The
English system is still used in the United
States; the metric system is used nearly
everywhere else.!

LENGTH

The standard unit of length in the English
system is the foot. The unit of length in the
metric system, the meter, was historically
defined as 1/10,000,000 of the distance from
the earth’s equator to the north pole.
Unfortunately, there was a slight error in this
approximation. This error, coupled with a
need for a scientifically precise definition that
would be unaffected by changes in tempera-
ture, humidity, or pressure or be subject to
chemical corrosion over long periods of time,
led the scientific community to adopt a meas-
urement based on atomic spectroscopy.



12 Chapter 2 Diving Physics

Table 2-2. Some Useful Conversions

6 feet = 1 fathom

5280 feet = 1 statute mile

6076 feet = 1 nautical mile

1.0 inch = 2.54 centimeters

3.28 feet = 1 meter

14 pounds = 1 stone

1 kilogram = 2.2 pounds

453.6 grams = 1 pound

1 gallon = 0.134 ft3

11ft3 = 28.316 liter

1 liter = 1.06 quarts

1 liter = 0.0353 ft3

1 joule = 1 newton-meter = 0.7376 foot-
pound

1erg = 1 dyne-centimeter

1 joule = 107 ergs

1 watt = 1 joule/second

1 kilowatt = 1.34 horsepower

1 horsepower
1 horsepower

550 foot-pounds/second
746 watts

The nature of the task at hand determines
the level of precision required for the meas-
urement. A diver estimating the in-water
distance to the charter boat, a nautical
archeologist wishing to return to the same
location at sea, and an astronaut wishing to
return to the earth from outer space all need
estimates of distance. In general, the greater
the consequence of error, the more precise
the measurement must be. Table 2-2 pro-
vides several length relationships.

TIME

In both the English and metric systems,
time is based on the second. A second, histor-
ically determined by astronomic measure-
ments, is based on the rotation of the
earth—specifically, the duration of 1/86,400 of
a mean solar day. Unfortunately, this period
varies. Although this variance is insignificant
to divers, it does affect navigation. Longitude
(distance east or west of the Greenwich
Meridian) is determined by measuring the
time difference between the observer and the
Meridian. Historically, ocean navigation and
exploration were hindered by the lack of
precise clocks. The imprecision in the deter-
mination of time meant a corresponding
uncertainty in position at sea. Much of the
success of modern navigation is due to
the development of precise time standards.
The current state-of-the-art standard is the
“atomic clock.” With this device, a second is

the duration of 9,192,631,770 periods of the
radiation corresponding to the transition
between the two hyperfine levels of the
ground state of the cesium-133 atom. This
clock is accurate to within 1 second per
300,000 years. A newer version, which uses a
high-precision laser to excite the cesium
atoms, is accurate to within 1 second every 3
million years. This is contrasted with a typical
dive watch, which may be accurate to within
a few seconds per month.

MASS AND WEIGHT

Mass and weight are often confused.
Physics makes a rigorous distinction between
mass, an intrinsic property of matter that is a
reflection of the total number of atoms
present in a substance, and weight, the result
of force operating on that mass. Mass refers
to the property of matter that resists change
in movement. For example, a moving boat
continues to move in the water after the
motor has been turned off. This tendency of
the boat to resist change in movement is
called inertia. The property of matter that
provides this resistance to change in motion
is called mass. In the metric system, the unit
of mass is the kilogram. The corresponding
English unit of mass is the slug. Weight is the
result of some force (i.e., gravity) acting on
mass. The unit of weight in the metric system
is the newton, the unit of weight in the English
system is the pound. Historically, these units
have been confused and, aside from the
scientific community, slugs and newtons are
seldom used. Additionally, some in the
scientific/technical community use poundsf
(Ibf) and poundsm (lbm) to distinguish
between a unit of force (weight) and a unit of
mass.? For example, an astronaut weighs less
on the moon than on the earth because the
gravitational force on the moon is less than
on the earth. Mass (number of atoms repre-
sented as kilograms or slugs) does not
change even though weight (in newtons or
pounds) is less.

In practice, divers do not make the
scientifically rigorous distinction between
mass and weight and they refer to both kilo-
grams and pounds as units of weight. If
unsure whether the scientific use requires
“mass” or “weight,” consider the following:
Weight is a force; it has a magnitude (mass)
and a direction. If direction, as in a buoyancy
calculation, is an important consideration in



understanding the nature of the problem,
then the appropriate term is weight. If direc-
tion is not a factor, as in a gas law problem,
then mass is the proper term.

VOLUME

Volume is the term used to describe capac-
ity. It is measured in units of length cubed.

UNITS IN SOLVING
PROBLEMS

The calculations used in diving physics
are similar in either English or metric units.
However, because the numeric values will
differ, it is important to use the same meas-
urement system during the entire calcula-
tion. For example, the formula relating depth
in feet and pressure in atmospheres:

Depth .
33

Absolute Pressure = 1

is valid only in seawater at sea level with
depth measured in feet of seawater. Because
some divers dive in other conditions, or with
gauges calibrated in standards other than
feet in seawater (one major American manu-
facturer has a series of depth gauges cali-
brated in feet of fresh water), or in locations
other than sea level, this text uses a more
general approach that emphasizes an under-
standing of hydrostatic and absolute pres-
sure in all environments.

Woater

Water is present in air as a gas. The amount
of water that air can hold is proportional to
the temperature; the higher the temperature,
the more water vapor the air can hold. The
amount of water in the air expressed as mass
of water per unit volume is called the absolute
humidity. The amount of water vapor present
divided by the maximum possible water
vapor concentration at a given temperature is
called the relative humidity. Relative humidity
is expressed as a percentage. Another mea-
sure of the total water vapor present is the
dew point, the temperature at which the air
can no longer hold the amount of water vapor
present in the air and at which condensation
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begins. For example, as the temperature
lowers during a humid evening, the dew point
is reached and fog forms. As long as the
temperature is above the dew point, fog does
not occur because the water remains in the
gaseous state.

With diving, it is desirable to have the
humidity of the breathing gas as low as pos-
sible to prevent the formation of ice within
the first stage of the regulator. Whenever air
passes from a high pressure (the scuba cylin-
der) to a low pressure (the hose between the
first and second stages) through an orifice,
the air expands and the temperature drops.
This is known as the Joule-Thompson effect
(discussed later). During rapid gas flow (as
with pressing the purge button or when
sharing air via a common first stage), this
temperature drop can be substantial (-80°F
or more). If the humidity of the gas is high,
then water vapor can condense and freeze. It
is possible to freeze the regulator in either an
open or a shut position. If the valve freezes
open, a free flow results; if the valve freezes
closed, the air supply is shut off.

Water vapor in expired air passing through
a cold regulator can condense and freeze to
mechanical parts inside the second stage of a
demand regulator. This can result in second
stage free-flow problems. When one is diving
in extreme cold conditions, it is best not to
exhale through a regulator until after it is
beneath the surface of the water and allowed
to equilibrate to ambient temperature.

Air

Air is a mixture of gases that primarily
includes nitrogen and oxygen. It also con-
tains water vapor, varying concentrations
of trace gases (e.g., argon, neon, xenon),
carbon dioxide, industrial pollutants, hydro-
carbons and nitrous oxides from internal
combustion engines, and particulate matter
(Table 2-3).

Table 2-3. Typical Concentration
of Dry Air

Component % by Volume
Nitrogen 78.084
Oxygen 20.946
Argon 0.934
Carbon dioxide 0.033
Other gases 0.003
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For most diving applications, divers may
assume that air is 78% nitrogen, 21% oxygen,
and 1% other gases.

DENSITY

Density is defined as the mass per unit
volume. Expressed as a formula:

Density = Mass + Volume

Density, particularly of liquids and gases,
changes with temperature. Specific gravity
relates the mass of material to an equal
volume of water. Water has a density of
1.000 g/cc at 4°C. The density is slightly less
than 1.000 g/cc at all other temperatures.
Density has units of mass/volume; specific
gravity is a ratio and has no units.

Mass of the Object

Mass of an Equal Volume
of Water at 4°C

Specific gravity =

Divers do not operate at temperatures at
which density and specific gravity are sig-
nificantly different; thus, for most applica-
tions, these terms may be interchanged. The
specific gravity of pure fresh water may be
assumed to be 1.00; the specific gravity of
seawater is 1.03.

BUOYANCY

Archimedes, the Greek mathematician,
first stated what has become known as
Archimedes’ principle:

An object partially or wholly immersed in a

fluid is buoyed up by a force equal to the

weight of the fluid displaced by the object.
Thus, objects more dense than water will
sink; objects less dense than water will float;
objects of the same density will remain at the
same level and neither sink nor float. Objects
that sink are frequently called negatively
buoyant. Objects that float are called posi-
tively buoyant. Objects that remain station-
ary at depth are said to be neutrally buoyant.

Buoyancy is best understood by the appli-
cation of force vectors. Vectors are mathe-
matical constructs that have magnitude
and direction. Weight is a downward force
(gravity acting on mass); buoyancy is an
upward force. If these two forces are bal-

Ascend Hover .

~

Buoyancy largest = Ascend
Forces balanced = Hover
Weight largest = Sink

Figure 2—-1. Relation of buoyancy (upward arrows) to
weight (downward arrows).

anced, then neutral buoyancy is achieved. If
they are not balanced, then the object
immersed either sinks or floats.

Divers commonly are imprecise in the use
of the term buoyancy. Rigorously, buoyancy
is defined as an upward force directed
against the force of weight. Although com-
monly used in the diving community, the
terms neutrally buoyant and negatively
buoyant are rigorously improper; the term
positively buoyant is redundant. Buoyancy is
much easier to understand if one considers
only the balancing of an upward force (buoy-
ancy) and a downward force (weight). This
scheme allows for no positive or negative.
We use the term hover to refer to the so-
called neutrally buoyant state. Thus, objects
either float, hover, or sink. If weight is greater
than buoyancy, the object sinks (Fig. 2-1).

Buoyancy calculations involve three

factors: the weight of the object being sub-
merged, the volume of the object submerged,
and the density of the liquid. Any two of
these factors can be used to determine the
third. This is best illustrated by example:

Example
What is the buoyancy in seawater of a
piece of wood that weighs 2000 Ib and
measures 6 ft x 2 ft x 3 ft?



Determine forces involved:

a. The weight of wood = 2000 Ib

b. The volume of wood = 6 ft x 2 ft x 3 ft
= 36 ft3

c. The corresponding weight of an equal
volume of seawater
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Determine forces involved:

64 lbs

3.0 ft3 x =192 lbs
ft3
Weight of diver = 200 1bs |
Displaced weight = 192 1bs T
Net force = 8lbsd

The diver will sink. This diver weighs
8 1b in the water and is overweighted.

15

36 ft2 x S41DS _ 9304 1ps
ft3
Weight of wood = Downward force = 2000 Ibs |
Weight of water = Upward force = 23041bs T
displaced
Net force = 3041bs T

The object will float with a buoyant
force of 304 Ib. To sink, the object would
have to weigh more than an additional
304 Ib (without changing volume).
Although the object is buoyant (i.e., a net
force of 304 Ib is pushing up on this log),
it will not be completely out of the water.
The density of the log can then be used
to determine how much of the log will be
submerged:

Density _ 2000 Ibs _ 55.6 Ibs/cubic foot
of log 36 ft3

Since this log is less dense than seawa-
ter, it will float. The amount of the
volume that is submerged will be deter-
mined by the ratio between the density
of the log and the density of the seawa-
ter. In general:

Ratio: Volume submerged = DS 1 G/

Density of liquid

Substituting the value of this log above
and seawater:

Ratio = 29:8 IbS/ft? _ 5 g6

64 lbs/ft?

About 87% of the log’s volume will be
submerged.

Example

A fully suited diver weighs 200 Ib. This
diver displaces a volume of 3.0 ft3 of sea-
water. Will the diver float or sink?

Example

A fully geared diver in a wet suit weighs
210 Ib. In fresh water, this diver with a
scuba cylinder containing 500 psig needs
18 1b of lead to hover. How much lead will
this diver need when diving in a wet suit
in seawater?

Weight of diver = 2101bs |
Weight of lead = 181Ibs{
Total weight acting = 228 lbs |

on the water

To hover, the volume of water dis-
placed by the diver must exert a buoyant
force upward equal to the total weight of
the diver plus gear (downward force). This
is the buoyant force exerted by a volume
of fresh water (density = 62.4 Ibs/ft®) that
weighs 228 1b.

Volume = Mass + Density
Substituting:

228 lIbs

—=== 2 2 365 ft3
62.4 Ibs/ft?

Volume =

With the volume of the diver known,
determine (with the assumption the
volume of the weight belt is not sig-
nificant) the buoyant force from the sea-
water (density = 64 lb/ft®) the diver
would displace:

3.65 ft3 x

641bs _ 533 6 1s
ft3
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Apply force arrows:

Buoyant force of seawater = 234 1bs T
Weight of diver and gear = 2101bs {
Net force = 241bsT

The diver that was comfortable with
18 1b of lead on the weight belt in fresh
water must add 6 more pounds (for a
total of 24 1b) on the weight belt to dive
in seawater.

Example

A fully geared diver in a wet suit weighs
210 Ib. In seawater, this diver needs 18 Ib
of lead to hover. How much lead will this
diver need when diving in a wet suit in
fresh water?

Weight of diver = 2101bs |
Weight of lead = 181bs |
Total weight acting = 228 lbs |

on the water

To hover, the volume of water dis-
placed by the diver must exert an
upward buoyant force equal to the total
weight of the diver plus gear (downward
force). This is the upward buoyant force
exerted by the displaced volume of sea-
water (density = 64 Ib/ft®) that weighs
228 1b.

Determine volume of diver:

228 1bs

—===_—_ = 3.56 ft3
64 lbs/ft?

Volume =

Now that we know the volume of the
diver, we can determine the upward
buoyant force from fresh water (density
62.4 1b/ft?) the diver would displace:

3.56 ft3 x ‘&;bs

= 222.1 1bs

Apply force arrows:

Buoyant force of sea water = 2221bs T
Weight of diver and gear = 2101bs {
Net force = 12lbsT

The diver that was comfortable with
18 1b of lead on the weight belt in sea-
water must remove 6 lb (for a total of
12 1b) from the weight belt to dive in
fresh water. The difference in density
between fresh and seawater is the reason
why different amounts of weight must be
used when diving in different environ-
ments. When moving from fresh to
seawater (with the same equipment
configuration), divers must add weight.
When moving from seawater to less
dense fresh water, divers should remove
weight.

Divers wearing wet or dry suits have an
additional factor to consider. Within the wet
suit are trapped bubbles of gas; a dry suit
diver has air spaces between the diver and
the suit. This gas is subject to changes in
volume as a result of changes in pressure
(see Boyle’s Law). This means that as the
diver moves up or down in the water column,
the volume of these gas spaces changes. This
change in gas volume affects the diver’s
buoyancy. As a diver descends, the volume
decreases as ambient pressure increases,
less water is displaced, and the diver
becomes less buoyant and sinks. On ascent,
the gas expands and occupies a larger
volume, more water is displaced, and the
buoyant (upward) force increases.

LIFTING

The lift associated with air spaces can be
used to raise objects from the bottom.
Because air weighs very little compared with
the weight of the displaced water, it can be
assumed that the lifting capacity is equal
to the weight of the volume of water that is
displaced by the air volume of the lifting
device.

Example

Lift a 300 Ib anchor from the bottom of a
lake bed. The bottom is hard and flat (no
excess lift is needed to overcome the
suction associated with being immersed
in the bottom muck). You have access to



55 gal drums (weighing 20 Ib each) that
have been fitted with overexpansion
vents. How many 55 gal drums will it take
to lift the anchor?

Determine forces involved:

Determine weight of water displaced:

Weight = Density x Volume

Lake implies fresh water: Density =
62.4 Ibs/ft3

Weight = 55 gal x S35 1t8 62.41bs _ 459 o 11y
gal ft3

Weight of displaced water = 460 lbs T

Weight of drum = 201bs

Net force = 4401bs T

Because the object to be lifted weighs
less than the 440 1b lifting capacity of a 55 gal
drum, a single 55 gal drum should be suffi-
cient to lift the 300 Ib anchor. In practice,
large lifting objects (like a 55 gal drum) have
a large surface area and generate consider-
able drag, which decreases lifting capacity:.
A rule of thumb is to assume that the lifting
device has about 75% of the calculated lifting
capacity in an actual lifting operation.

TRIM

As a diver moves in the water column, the
diver is subject to a number of forces. In the
vertical plane, gravity (weight) tends to
make the diver descend and buoyancy (from
too little weight or too much air in the buoy-
ancy compensator) makes the diver ascend.
In the horizontal plane, the diver moves
forward, propelled by the force of the kick.
The thrust, or forward motion, must over-
come drag (or friction) that the diver and
equipment present to the water. The over-
weighted diver must continually expend
energy to overcome gravity and remain at
constant depth, and the underweighted
diver must continually expend energy in an
attempt to overcome buoyancy with leg
power. A more horizontal position presents a
smaller area to the path of movement and
thus lessens resistance.
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ENERGY

Energy is the ability to do work. Energy
that can be derived by a future change in
position is called potential energy; energy that
is due to moving mass is called kinefic energy.
Consider a pile driver. This giant hammer
device utilizes the kinetic energy of a large
mass to drive construction supports into the
earth. Energy is used to lift the “driver” to the
top of the device. Here, while motionless, it
possesses only potential energy. As the mass
falls toward its target, the potential energy is
transformed into kinetic energy. During the
entire movement, the large falling mass has
different portions of potential and kinetic
energy, but the sum of these two types of
energy remains constant. The six forms of
energy are shown in Table 2—4.

Under ordinary conditions, energy can
neither be created nor destroyed. This is
known as the Conservation of Energy princi-
ple. Energy can be changed in form, however.
For example, the potential energy of water at
a high level is converted to kinetic energy as
it falls to a lower level within a hydroelectric
dam. The kinetic energy of the falling water
turns a turbine (mechanical energy) that
drives a generator, producing electricity
(electric energy). The electricity lights a light
bulb (radiant energy) and heats a small
space heater (heat energy). During this
entire process, energy was transformed from
one form to another.

FORCE

Force is a push or a pull. Weight is the
most commonly encountered force. It has a
magnitude (how much push) and a direction

Table 2-4. The Six Forms of Energy

Mechanical The sum of potential and kinetic
energies derived from the
movement of a body

Heat Energy derived from molecular motion

Radiant Energy in the form of
electromagnetic waves such as
light, x-rays, or radio waves

Chemical Energy released from chemical
reactions

Electrical Energy derived from moving electrons

Nuclear Energy derived from atomic forces

within the atom
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(the direction from which the push is

coming). In 1687, Isaac Newton defined three

principles that are known as Newton’s Laws
of Motion:

1. A body will remain at rest or in a state of
uniform motion along a straight line unless
acted upon by some outside force.

2. Force acting on a mass produces an accel-
eration. Mathematically:

F = ma

where F = force, m = mass, and a = accel-
eration.

If mass is in kilograms and acceleration
is expressed as m/sec?, then force is in
newtons, i.e., 1 newton is the force that
results from a mass of 1 kg being acceler-
ated at a rate of 1 m/sec/sec. If mass is in
grams and the acceleration is in cm/sec?,
then force is in dynes. If mass is in slugs
and the force in ft/sec?, then force is in
pounds.

3. For every action, there is an equal and
opposite reaction.

WORK

Work is the application of a force over a
distance. Work requires energy. If no move-
ment occurs, no work is accomplished.
Pushing against a rigid wall that does not
move produces no work. Work is expressed
as length x force. Examples include foot-
pounds (work done when a force of 11b
moves an object 1 ft), newton-meters (work
done when 1 newton of force moves an
object 1 m), and ergs (work done by a force
of 1 dyne moving an object 1 cm).

Consider two divers of the same size in
the water; both are hovering (“weightless™).
One has achieved this state by balancing the
forces of weight and buoyancy. The other,
overweighted, has compensated for this
extra weight by inflating a buoyancy com-
pensator. Even though “weightless,” the
overweighted diver does more work because
more mass (the extra weight) has to be
moved. In addition, overweighted divers gen-
erally are not horizontal in the water. This
means they have a larger cross-sectional
area, creating more drag. More drag means
that more work is necessary for forward
movement. Units of work are provided in
Table 2-2.

POWER

Power is the measure of work over time.
Mathematically:

Work done
Time taken to do the work

Power =

HEAT

Heat is thermal energy: the sum of the
kinetic energies for all the random move-
ments of all molecules contained within a
substance. It is convenient to measure the
amount of heat as if heat were independent
of the particular substance whose molecular
motion determines the magnitude of heat
energy present. The amount of heat neces-
sary to raise 1 g of pure water from 14.5° to
15.5°C is defined as 1 calorie. One thousand
calories is a kilocalorie (kcal). The corre-
sponding English measurement is the
amount of heat necessary to raise a pound of
pure water from 63.0° to 64.0°F. This unit is
called the British Thermal Unit (BTU). One
BTU is equivalent to 252 calories.

Matter may be thought of as a heat reser-
voir. Because of their molecular makeup, dif-
ferent substances are capable of holding
different amounts of heat. The amount of
heat required to raise 1 g of a substance 1°C
is called the specific heat (thus, water has a
specific heat of 1.0 cal/g C). The heat capacity
of a particular substance is defined as the
specific heat of the material multiplied by its
mass. The higher the heat capacity, the more
heat a substance can absorb and store.
Substances like water or helium have high
specific heats compared with air (Table 2-5),
and thus divers in contact with water or
helium lose more heat than they would in
air. Heat capacities of gases are commonly
listed at a specific temperature and pressure
(usually 25°C at 1 atm pressure). Because
adding heat to a system can affect either the

Table 2-5. Gas Heat Capacities at 25°C
and 1 ata Pressure

Substance Cp (call/g®°C) Cv (cal/g°C)
Air 0.3439 0.2943
Argon 0.1252 0.0750
Helium 1.2420 0.7620
Nitrogen 0.2477 0.1765
Oxygen 0.2200 0.1554




volume or the pressure of a gas (depending
on the nature of the container), it is custom-
ary to measure thermal properties of a gas at
constant pressure (C,) or constant volume
(C,). Values for thermal properties of mater-
jials can be found in a number of standard
references.

Heat capacity is the amount of heat
required to raise the temperature of the sub-
stance by 1°C.

Heat Capacity = Mass of body x Specific
heat of body

The amount of heat necessary to change
the temperature of a body is:

Heat Required = Mass x Specific heat x
Change in temperature

While holding pressure constant, how
much heat is necessary to raise the tem-
perature of 100 g of air 10°C? —of 100 g of
helium 10°C? —of 100 g water 10°C:

a. For air:

Heat needed = 100 g x (%gcal x 10°C
= 344 cal

b. For water:

Heat needed = 100 g x L&)Ccal x 10°C
= 1000 cal

c. For He:

Heat needed = 100 g x 1'24%& x 10°C
= 1242 cal

The amount of heat required to raise the
temperature of 100 g of helium is larger
than for an equal mass of air. This might
suggest that the respiratory heat loss
from breathing helium, as compared with
air, would be enormous. However, the
specific heat equation is based on mass.
Helium is much less dense than air, so
an equal volume of helium has a signifi-
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cantly lower mass. This is why respira-
tory heat loss while one is breathing
helium is much less than would be
expected solely according to heat capac-
ity. (Respiratory heat loss at depth from
breathing heliox is estimated at about
30% of the heat loss from breathing air.)
This relative difference is demonstrated
by comparing the amount of heat needed
to warm a given mass (e.g., 100 g) to the
relative amount needed to warm a unit
volume of 1 L 10°C. Gas density values
1.296 g/L (air) and 0.178 g/L (He) values?:

a. For dry air:

0.3439 cal 1o 1296 8 45 con
g°C L

b. For He:

1.2420 cal, 1o« 01788 _ 5 5 caljL,
g'C L

Thus, although the heat capacity of
helium is much greater than that of air, the
difference in densities explains the lower-
than-expected respiratory heat loss that
occurs during the breathing of mixes con-
taining helium.

To understand respiratory heat transfer,
one must consider the thermal conductivity
of the breathing gas and environment in
which the diver is operating. Thermal conduc-
tivity (Table 2-6) is the rate at which heat is
transferred between objects of different tem-
peratures. Thermal conductivity is expressed
as the amount of heat that can be transmitted
from a fixed area across a known distance
in a fixed amount of time. The higher the
thermal conductivity, the quicker a warm
object cools. As a corollary, the lower the
thermal conductivity, the better the material
acts as a heat retainer or insulator. Thermal

Table 2-6. Thermal Conductivity
(kcal/hr per cm°C)

Substance Conductivity
Air 2o
Foam neoprene 4.6
Wool 8.0
Helium 12.2
Seawater 52.0
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conductivity of an object varies with pres-
sure and temperature of the surroundings.
Table 2-6 provides some common thermal
conductivity values expressed as heat con-
ducted (kcal/h) through a 1-cm-thick slab of
1 m? of the material evaluated, per degree of
temperature gradient.* >

The increased heat loss due to the high
specific heat and thermal conductivity of
helium and water as compared with air is
responsible for hypothermia problems asso-
ciated with working in an aqueous or heliox
environment. This heat loss occurs primarily
via direct contact with the environment
(immersion in water or a heliox atmosphere
contained within a diving habitat).

A physically large diver has more heat than
a smaller diver. Thus, in general, the smaller
diver, regardless of sex, is at higher risk for
hypothermia. Physical size, however, is not
the only factor. Variables such as age, physio-
logic condition (particularly if affected by
drugs or alcohol), physical fitness, amount of
in-water exercise, thermal protection system
employed, temperature of the water, and
duration of immersion can also influence the
severity of hypothermia (see Chapter 13).

Temperature is a measurement of the
intensity of heat energy. When two materials
possessing different heat energies (different
temperatures) come together, heat always
moves from the higher to the lower tempera-
ture and continues to be transferred until the
two bodies have the same temperature. This
means that any time a diver is in water cooler
than body temperature, the diver loses heat.

Given that dry air has a density of
0.0012 g/mL and water has a density of
1.0 g/mL, estimate the approximate ratio
in heat capacity between water and air.

Determine ratio of mass from density:

mass 1 mLwater _ 1.000g _ 833.3

Ratio =
mass 1 mL air 0.0012 g
Determine ratio of specific heats:
specific
Ratio = heat water _ 1.00 cal/g°C _
specific ~ 0.2943 cal/g°C
heat air

Finally, estimate the ratio: Heat capac-
ity = Mass x Specific heat

Approximate heat capacity ratio
= 833.3 x 3.39
= 2824

Water has about 2800 times the heat
capacity of air. The precise ratio depends on
temperature, pressure, amount of particulate
matter present, and humidity of the air, as
well as the temperature and purity of the
water. The water need not be frigid for
hypothermia to occur. As has been stated,
any time water is cooler than body tempera-
ture, the diver loses heat. Repeated expo-
sure, even in tropical water, can lead to
hypothermia.

ADIABATIC EXPANSION

An adiabatic system is one in which no
heat is added or removed.® For an ideal gas
(see Real and Ideal Gases), the following rela-
tionship holds:

C,In (T, +T) =-RIn (V, = V,)

where C, = heat capacity at constant volume,
In = natural logarithm, T = absolute tempera-
tures at condition 1 or 2, R = universal gas
constant (see later), and V = volume at con-
dition 1 or 2.

This equation can be used to calculate the
temperature change following an adiabatic
change in volume. The equation indicates
that temperature will increase during com-
pression and decrease on expansion of an
ideal gas. When air is compressed during the
filling of a compressed gas cylinder, the tem-
perature rises and the cylinder becomes hot.
This increase in temperature can be as much
as 1500°F during rapid compressions. In the
presence of hydrocarbon contaminants, this
heat can serve as an energy source for fire
or explosion in an oxygen-enriched atmos-
phere. When air is rapidly released from a
scuba cylinder, either through the direct
opening of the valve to release its contents
or via the purge valve, the volume of the gas
increases and temperature falls. (The adia-
batic cooling associated with gas movement
driven by high pressure through a tiny orifice



is called the Joule-Thompson effect.) When a
hyperbaric chamber is compressed, temper-
ature increases; when pressure is reduced,
temperature falls. Most hyperbaric cham-
bers used for clinical therapy require heating
and cooling systems to maintain constant
temperature during changes in pressure.

TEMPERATURE

Daniel Fahrenheit introduced the first reli-
able calibration of temperature in 1724. He
picked the lowest temperature he could
obtain with a mixture of ice, salt, and water
and called that his zero point. He next picked
the temperature of a healthy man’s blood
and arbitrarily gave it a value of 96. Using
mercury as the expanding fluid that would
mark his thermometer, he found that water
would freeze at a temperature of 32 and boil
at a temperature of 212 on his scale. His
system, the Fahrenheit temperature scale,
is still used in the United States. About
12 years later, Anders Celsius proposed a
scale that would be based on 100 units
between the freezing point and boiling point
of water.

The two systems of measurement can be
converted using the following expressions:

°F = (1.8 x °C) + 32 or °F = 9/5°C + 32
°C = (°F - 32) / 1.8°C = 5/9 (°F - 32)

Two other temperature scales are impor-
tant to divers. They are the Rankine (absolute
Fahrenheit) and the Kelvin (absolute Celsius).
The significance of these absolute tempera-
ture scales is discussed later (see Charles’
Law). By international convention, the defi-
nition of absolute temperature is in degrees
Kelvin; thus, no degree symbol is used for
Kelvin temperatures.

°R (Rankine) = °F + 460

K (Kelvin) = °C + 273

Although these formulas can be used to
convert one temperature scale to another, in
diving this is rarely done. Divers accustomed
to the Fahrenheit scale use °R (°F + 460), and
divers familiar with the Celsius scale use K
(°C + 273) for problems that require the use
of absolute temperature.
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LIGHT

Light is a form of energy. It provides the
illumination that we use to visually perceive
and characterize our surroundings. White
light, as first discussed by Isaac Newton, is
composed of a number of components, each
perceived as a different color. If white light
passes through a prism, then these colors,
known as the light spectrum, can be seen. The
colors from the prism always have the same
order: red, orange, yellow, green, blue,
indigo, and violet.

The perception of color depends on which
components of the light have been reflected
or absorbed by the object being observed.
If an object reflects all the colors, it is
observed to be white; if no colors are
reflected, then the object observed will be
black. Other colors result from combinations
of reflection and absorption of the various
components of light. The propagation of light
is influenced by a number of factors, includ-
ing absorption, diffusion, refraction, and
reflection.

Absorption

Each of the colors in the light spectrum
possesses a different energy and wavelength.
Red is the least energetic color, whereas blue
is the most energetic form of visible light.

As light moves through water, the water
absorbs the components of light. Because
red is the least energetic, it is absorbed first.
Each of the colors, in turn, is absorbed as
light passes through any appreciable dis-
tance in water. In shallow water, only the red
colors disappear, and as depth increases,
the environment takes on a bluish cast.
Eventually everything visible becomes deep
blue, then black. Application of artificial
white either from a dive light or a photo-
graphic strobe light allows the diver to
observe and record true color.

Diffusion

As light moves through water, it interacts
at the molecular level with all substances in
the water. The result is that light is scattered
and moves in random directions. This
process is called diffusion. Divers see less
light at depth because the total amount of
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light available at the surface has been scat-
tered by diffusion.

Turbidity refers to the amount of particu-
late material in the water. If turbidity is high,
then the abundance of suspended material
increases the amount of both diffusion and
absorption that occurs. The diver sees less
light in turbid water.

Refraction

Light travels at different speeds in different
substances. Light slows about 25% when it
enters water from air. This change in velocity
results in a bending of the light path as it
changes from air to water. This bending
affects light as if it had moved through an
optical lens. The alteration in the path of light
as a result of changing media is called refrac-
tion. The diver’s mask is an air/water interface;
thus, the mask also acts as a lens. One reason
why a diver needs a mask is that our eyes
have adapted to focus in air. Objects appear
blurred underwater because the eyes cannot
adjust enough to bring objects into focus in
water. One function for the dive mask is to
provide an air/eye interface so that the eyes
can focus the light. The result of the air/water
interface of the mask is that divers perceive
objects to be larger (by four thirds) and closer
(by one fourth) than they really are. An object
4 ft away from the diver appears as to be only
3 ft away (see Chapter 3).

Reflection

When light waves strike a smooth pol-
ished surface, they bounce off the surface
much like a billiard ball bounces off the side
cushions of a billiard table. The angle formed
by the light leaving the polished surface
is the same angle as the light striking the
surface when measured from a line perpen-
dicular to the surface. In the same fashion, a
portion of the light striking water is reflected
away from the surface. Near sundown, this
effect can significantly reduce the amount of
ambient light at depth.

SOUND

Sound is a longitudinal pressure wave that
moves through a fluid. Mechanical vibrations
caused by the pressure waves produce

sound. The ear converts the vibrations to
electrical signals that the brain interprets as
sound. In air, we can perceive the direction
of a sound source by sensing the time delay
between the sound energy striking one ear
and then the other. The brain processes this
time delay to give a direction. Underwater,
the velocity of sound is about four times
faster than in air, and the time delay between
sound energy striking each ear is too small
to be perceived.” Localization of a sound
underwater by humans is possible, particu-
larly with low-frequency signals, but it is
extremely difficult. Divers should consider
sound an unreliable directional cue.

PRESSURE

Pressure is defined as a force that acts on
a unit area. The force most often encoun-
tered by divers is weight. Thus, pressure is
measured in terms of a weight per unit area.
The pressure divers must cope with is a
result of the weight of the water and atmos-
phere above the diver.

The Greek philosopher Empedocles first
expressed the belief that air had weight in
the fifth century Bc. Even Aristotle said,
“Nature abhors a vacuum.” In 1645, Guericke
used his newly developed air pump to
remove the air from the space defined by two
hollow steel hemispheres that had been
placed together. Horses pulling on his hemi-
spheres could not separate them. Yet, when
the air was replaced in the sphere, the
hemispheres could easily be separated.
The implication was that some force (later
demonstrated to be atmospheric pressure)
in the air was capable of holding the spheres
together. The first scientific explanation of
the weight of air was by the Italian mathe-
matician, Evangesta Torricelli (a student
of Galileo), in 1643. His experiment was the
basis of the modern barometer. Torricelli
filled a tube closed on one end with mercury
and, after inverting the tube, placed the tube
in a dish of mercury. He noted that the
mercury did not drain from the tube into the
dish. Instead, it remained within the tube.
His explanation was that air had weight. The
weight of the air pushing down on the
mercury in the dish was equal to the weight
of the mercury in the tube. The height of the
mercury (760 mm) in the tube was then
defined as atmospheric pressure. Equivalent
measurements of pressure can be made with



different fluids; mercury was originally
chosen because of its high density (specific
gravity of 13.6). An equivalent instrument
using water (specific gravity of 1.00) would
be over 30 ft high.

Problem

What is the approximate height of a
seawater column that corresponds to
760 mm Hg?

Water is less dense; thus, the height
will be greater. The heights of liquids in a
vertical column are inversely propor-
tional to specific gravity (the specific
gravity of seawater is 1.0256, the specific
gravity of mercury is 13.546).

760 mm Hg _ 1.0256
x mm H,O  13.546

x = 10,037.99 mm H,O
10,037.99 mm = 10.04 m = 32.9 ft

Thus, 760 mm Hg (1 atm) corresponds to
33 ft, or 10 m, of seawater (feet of seawater =
fsw; meters of seawater = msw). Units of
pressure and conversion factors can be
found in Appendix 1.

Pressure due to the water surroundings is
called hydrostatic or gauge pressure. This is
equal to 1 atm of pressure for every 33 ft
(10 m) of depth in seawater (34 ft, or 10.3 m,
in fresh water). Open bodies of water are
also subjected to the weight of the atmos-
phere, so the total (absolute) pressure at
depth is the sum of the hydrostatic and
atmospheric pressures.

Example

Determine hydrostatic and absolute pres-
sure at a depth of 78 fsw (23.8 msw) using
the definition of hydrostatic pressure:

Depth of water
Definition of atm

Hydrostatic pressure =

Note: Water depth is in units of length;
atm should be expressed in the same
units. If depth is in fsw, then 1 atm = 33
fsw; if depth is in ffw, then 1 atm = 34 ffw;
if depth is in msw, then 1 atm = 10.1 msw,
or 10 bar.
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Substitute:

English Metric

Hydrostastic 78 fsw 23.8 msw_ 23.8 msw

pressure 33 fsw/atm 10.1 m/atm 10 m/bar
Hydrostatic = 2.36 atm 2.36 atm  2.38 bar
pressure
Absolute = Hydrostatic + Atmospheric
pressure = 2.36 atm + 1 atm
= 3.36 ata (ata = Atmospheres
absolute)
Absolute = 2.38 bar + 1.01 bar = 3.39 bar
pressure

Gas pressure in cylinders is measured in
gauge pressure, which reads zero at 1 atm.
To determine absolute pressure, 1atm (in
the same units as the gauge) must be added
to the gauge pressure.

Example

An 80 ft? cylinder contains gas at a pres-
sure of 3000 psig (pounds per square inch
gauge).

Determine absolute pressure using
absolute pressure = gauge pressure +
atmospheric pressure:

3000 psi + 14.7 psi = 3014.7 psia
(Ibs/inch? absolute)

Example

A scuba cylinder contains 2400 L at a
gauge pressure of 200 bar.

Determine absolute pressure, which
corresponds to an absolute pressure of:

200 bar + 1.01 bar = 201.01 bar

DEPTH GAUGES
AND ALTITUDE DIVING

Depth gauges measure pressure, they do
not measure water depth. A printed scale on
the face of the instrument converts the meas-
ured pressure into an equivalent scale
reading for water depth. The gauge will be
accurate only if it is used in the environment
for which it has been calibrated. When the
device is taken to a different environment,
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such as high altitude, the reading of water
depth on the gauge may be substantially dif-
ferent from the actual measured water
depth.® This is most often a problem when
depth gauges calibrated at sea level are taken
to altitude, as in the following example.?

At a mountain lake, the barometer reads
24.61 inches (625 mm) Hg. Thus, at this
altitude, 24.61 inches (625 mm) Hg is the
atmospheric pressure. Consider also that
high mountain lakes usually are filled
with fresh water (density = 62.4 lbs/ft3;
1.00 g/cc), not salt water (density 64 1b/
ft3; 1.03 g/cc). What will a depth gauge
designed for use in seawater read at an
actual depth of 60 ffw (18.29 m) in this
lake?

The use of actual pressure units makes
this problem easier to understand:

Determine the pressure equivalent of 1 atm
at this altitude:

24.61 in Hg

x 14.7 psi = 12.36 psi
29.27 in Hg P P

At 60 ffw, the hydrostatic pressure is:

_60ft | 14.7 psi - 25.94 psi

34 ft/atm

This is an absolute pressure of:
12.36 psi + 25.94 psi = 38.3 psia

This corresponds to a sea level pressure
of:

38.3
14.7 psi at sea level

= 2.6 sea level ata

This would then correspond to a hydro-
static sea level pressure of:

2.6 ata—1 atm = 1.6 atm

Which would be read on the sea level
calibrated scale as:

33 ft
atm

1.6 atm x = 53 feet

So, the measured depth was 60 ft; the sea
level depth gauge at this altitude would read
53 ft.

OCEAN EQUIVALENT DEPTH
(FOR DECOMPRESSION
OBLIGATION)

Decompression tables are based on pres-
sure ratios. Safe decompression usually
depends on not exceeding certain pressure
ratios that can be tolerated within the tissue
compartments without injury to the diver
(see Chapter 7). Thus, altitude decompres-
sion adjustments must be based on calculated
actual pressures that account for the baro-
metric pressure at altitude and the density
difference between fresh and saltwater.
Decompression schedules must account for
the lower atmospheric pressure at the surface
when determining safe surfacing ratios.

Equivalent Ascent Rates

Ascent rates are part of the decompres-
sion calculations. U.S. Navy sea level tables
assume a rate of 60 fsw/min.!® This ascent
rate is part of the calculations used to derive
the decompression schedules. Because, at
altitude, the actual amount of water column
that “defines” 1 atmosphere is less than 33
fsw (10.1 msw), an ascent in a high-altitude
mountain lake must be slower than an ascent
from the corresponding depth at sea level to
maintain the same rate of pressure change
with time. For this example:

At sea level, the recommended ascent
rate is:

60 fsw % 1 atm _ 1.82 atm
min 33 fsw min

At this altitude, corresponding at-altitude
ascent rate:

1.82 atm % 27.9 ffw _ 50.8 ffw
min atm min

Sea level-based dive procedures (tables
or computers) are inadequate for deter-
mining decompression obligations at high-
altitude dive sites. Divers at high altitudes
(above 1000 ft, or 300 m) should consider
high-altitude conversion tables or altitude-
compensating dive computers.



KINETIC THEORY OF GASES

All gases, regardless of chemical composi-
tion, behave similarly in response to physical
changes of composition, temperature, and
pressure. It is one of the dogmas of science
that the behavior of a material is a reflection
of the particles that make up the substance.
The differences among solids, liquids, and
gases reflect the movement of the small par-
ticles (atoms) that compose all matter. This
assumption is part of the Kinetic Theory of
Gases. This theory is based on six funda-
mental assumptions:

1. Gases are composed of molecules in con-
stant motion.

2. Gases mix to uniformity and fill all por-
tions of the containment vessel.

3. Molecules of a gas collide frequently with
each other and with the walls of the con-
tainment vessel.

4. Under ordinary circumstances, the dis-
tance between gas molecules is far greater
than the size of the individual molecules.
This is why gases can be compressed.

5. The molecules of a gas move in all direc-
tions with an average velocity at a given
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temperature. At a given temperature, the

average energy of molecules in the gaseous

state is the same for all substances.

6. Molecules are perfectly elastic; thus, they
lose no energy when they collide with
another molecule.

These assumptions are the basis for
understanding gas behavior. For example,
the measurement of the intensity of the colli-
sions of the gas molecules with the walls of
the containment vessel (force per unit area)
is called pressure. As the kinetic energy is
increased by raising temperature, the mole-
cules gain more velocity and collide with
more force more often on the vessel walls;
pressure in a closed container increases as
temperature is raised.

As gas molecules move about in contain-
ment, they strike the walls of the container. In
Figure 2-2, the gas molecules are randomly
moving inside a cylinder. At the right end of
the cylinder is a piston, held in place by some
spring mechanism within the box. As the gas
molecules strike the flat plate of the piston,
the combined force of all the impacts moves
the piston backward until the force of the gas
molecules striking the flat plate of the piston

Figure 2-2. A, Pressure results from
impact of gas molecules on the flat piston.
B, Increased energy of gas molecules causes

more impacts at higher energy against the
flat piston, causing the pressure to increase. B
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balances a spring device contained within the
brown box. A measurement of this impact is
displayed on a mechanical gauge (Fig. 2-24).
If the temperature increases, the average
velocity of the gas molecules increases; they
will strike the flat plate with more force, and
the plate will move within the cylinder to indi-
cate a higher pressure (Fig. 2-2B).

Gas Law Fundamentals

Historically, the behavior of gases was
evaluated by measuring the temperature,
pressure, and volume of the gas under study.
Because of the complexity of attempting to
simultaneously measure and predict all
values, one of the values typically was held
constant and one of the other values was
changed to determine the effect on the third
parameter. These relationships have been
named for the scientists who established the
validity of the particular relationship that is
now called a gas law.

CHARLES’ LAW

In 1787, the French scientist Jacques
Charles studied the relationship between
temperature and volume at constant pres-
sure. He noted that in the vicinity of 0°C, the
volume of a gas decreased by a factor of 1/273
for each degree Celsius decrease.!! If one
theoretically continued this decrease in tem-
perature, then a gas would have zero volume
at —273°C. This value is called absolute zero. If
a gas has zero volume, then there will be no
molecular motion (velocity = zero in the
kinetic energy equation) and thus no kinetic
energy. Measurements of temperature based
on this absolute zero point are called absolute
temperature (zero volume is not obtainable
because gases will liquefy before absolute
zero is reached). Because this 1/273 change
in volume corresponds to a 1-degree change
on the absolute temperature scale, absolute
temperatures are used when the gas laws are
used to predict variations in pressure, tem-
perature, and volume. Charles’ observations
have been formalized into Charles’ law:

At constant pressure, the volume of a
gas is directly proportional to the absolute
temperature:

ViiVe
T, T,

A practical example of Charles’ law
involves the effect on the volume (size) of
any flexible container with change in temper-
ature. The volume of gas in a buoyancy com-
pensator declines when passing through
thermoclines into colder water. The loss of
buoyancy from increased pressure when
descending through a water column with
cold thermoclines is exacerbated by this tem-
perature effect on volume. Thus, as the gas
chills after entering a thermocline, buoyancy
continues to decrease until the temperature
of the gas in the buoyancy compensator is
the same temperature as the ambient water.
On ascent out of the thermocline, the warmer
water causes an increase in buoyancy from
the expansion of the gas related to this tem-
perature effect.

The magnitude or behavior of gases is
best illustrated by looking at some numeric
examples. It is important to remember that
in all gas law problems, relationships are
only valid when absolute values are used.

If a scuba cylinder is capable of deliver-
ing 40 ft3 of air to a diver at 78°F, how
much air is available at 55°F?

Using Charles’ law:
Determine absolute temperature:

T, = 78°F + 460 = 538°R

T, = 55°F + 460 = 515°R
Charles’ law:

V,/T,=V,/T,
Substituting:
40 ft*> / 538°R =V, / 515°R
Solving:
V, = 38.3 ft3

Comment: The temperature 55°F is typi-
cally the temperature of the first thermo-
cline of a fresh water lake. Charles’ law

explains why divers have less air avail-
able to them in colder water.




GAY-LUSSAC’S AW

The relationship between pressure and
temperature has been associated with the
French scientist, Joseph Gay-Lussac. Because
Gay-Lussac collaborated with Jacques
Charles, some have associated this principle
with Charles. However, Charles, the mentor,
gave credit for this relationship to his
student, Gay-Lussac, because Gay-Lussac
was the first to build an apparatus to demon-
strate the validity of the linear relationship
between pressure and temperature. He
performed his measurements using a fixed-
volume, gas-filled sphere. He measured the
temperature and pressure of the gas in the
sphere while ascending in a hot air balloon.!?
His published observation (known as Gay-
Lussac’s law) states:

At constant volume, the pressure of a

gas is directly proportional to the absolute

temperature:

P _ P

T, T,

Example
A cylinder at 25°C (298 K) contains gas at
a gauge pressure of 200 bar (201.01 bar
absolute). Determine the pressure at
42°C (315 K).
Using Gay-Lussac’s law:

Pl / Tl = Pz / Tz
Substituting:

201 bar / 298 K =P, /315K

Solving:

P, = 212.5 bar
Converting to gauge pressure:

P, = 212.5 bar-1.01 bar

P, = 211.5 bar

Thus, a scuba cylinder with a gauge pres-
sure of 200 bar at 25°C heated to 42°C will
show a gauge pressure of about 212 bar.
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BOYLE’S LAW

In 1662, Sir Robert Boyle published the
classic The Spring of Air and lts Effects,® in
which he measured the relationship between
pressure and volume at constant tempera-
ture.!3 He measured the volume of air
trapped at the small end of a J-shaped tube.
The tube was filled with mercury, and the
volume of the air space was measured.
Adding mercury (increasing the height of
mercury in the J-tube) decreased the volume
of air trapped at the small end of the J-
shaped tube. He noted that the product of
the pressure (as determined by the height of
the mercury column) and the volume was
constant. Expressed mathematically:

PV =k

where P = the pressure (height of mercury in
tube), V = volume (of air space in tube), k = a
constant.

This relationship, PV = k, held for a variety
of P, V combinations. In mathematics, prod-
ucts equal to the same value can be set equal
to each other.

Boyle’s law states:

At constant temperature, the volume is in-
versely proportional to the absolute pressure:

Pl Vl = Pz V2
A corollary to this law states that density

(mass/volume) increases directly with the
pressure.

Example

What is the physical volume (in cubic
feet) of an aluminum “80” scuba cylinder?
An aluminum 80 cylinder delivers 80 ft?
of air at 1 atm (14.7 psia) when filled to a
pressure of 3000 psig (3014.7 psia). Thus,
the physical volume of the tank is the
volume at 3000 psig (3014.7 psia).
Substituting into Boyle’s law:

P,V,=P,V,
(14.7 psia) (80 ft3) = (3014.7 psia) V,
Solving for V,:
V, = 0.39 ft3
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This physical volume represents how
much water the cylinder would hold if the
valve were removed and the cylinder filled
with water. This is the value known as the
water capacity of a gas cylinder.

Example

el

A scuba cylinder is rated at 2400 L with a
pressure of 200 bar. What is the physical
volume (water capacity) of the cylinder?
The cylinder delivers 2400 L if all the air
is released at 1 bar. The physical volume
(water capacity) of the cylinder is the
volume of gas compressed to 200 bar.
The volume can be found by using
Boyle’s law:

Pl Vl = P2 V2

Determine absolute pressure: gauge -+
atmospheric:

200 bar + 1 bar = 201 bar
Substituting into Boyle’s law:
P,V,=P,V,
(1 bar) x (2400 L) = (201 bar) x V,

Solving:
V,=119L

Example

A scuba cylinder has a rated capacity
of 80 ft* on the surface. Determine the
volume of air from this cylinder available
to the diver at 33, 66, 99, and 132 fsw.

Answer: Boyle’s law allows calculation
of decreasing volume of air with increas-
ing depth.

Determine absolute pressure (Hydrostatic
pressure + Atmospheric pressure):
For 33 ft

33 fsw /33 fsw / atm = 1 atm

1 atm + 1 atm = 2 ata (ata = Absolute
pressure in units of atmospheres)

For 66 ft:

66 fsw / 33 fsw / atm = 2 atm

2 atm + 1 atm = 3 ata
For 99 ft:

99 fsw / 33 fsw / atm = 3 atm

3 atm + 1 atm = 4 ata
For 132 ft:

132 fsw / 33 fsw / atm = 4 atm

4 atm + 1 atm = 5 ata
Substituting into Boyle’s Law:
P,V,=P,V,
For 33 fsw:

(1 ata) (80 ft?) = (2 ata) V,
V, =40 ft3

For 66 fsw:

(1 ata) (80 ft?) = (3 ata) V,
V,=26.7 ft3

For 99 fsw:

(1 ata) (80 ft?) = (4 ata) V,
V, = 20 ft3

For 132 fsw:

(1 ata) (80 ft?) = (5 ata) V,
V2 = 16 ft3

The answers are summarized in Table 2-7.

The volume shown is the volume calcu-
lated for an 80 ft* cylinder. The fraction rep-
resents the proportional amount of the
surface volume at that absolute pressure
available from any size gas cylinder. The per-
centage change represents the difference in
volume between each successive 1 ata pres-
sure change.

As pressure increases, volume decreases.
Because breathing is a constant-volume
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Table 2-7. Change in Volume CENERAL GAS LAW

PN PRI Any two of the three gas laws of Boyle,

el Charles, or Gay-Lussac can be combined
Depth Pressure Volume Fraction % Change into a relationship called the General or
(fsw)  (ata) (fe*) Combined Gas law:
0 1 80 1 0
33 2 40 1/2 50 P,V, = P,V,
66 3 27 1/3 859 — ——
99 4 20 1/4 25 T, T,
132 5 16 1/5 20

This relationship can be used to predict
pressure, volume, and temperature relation-
ships when any five of the six variables are
known.

process, the deeper the dive, the less breath-
ing gas is available.

Likewise, as pressure decreases, the T Example
volume of gas in all flexible containers (lungs :
and other air spaces) increases. Because the The gas in a scuba cylinder occupies a
physical size of the body cavity (e.g., lungs, volume of 72 ft3 at 78°F on the surface.
ears, sinus) containing the air is limited, the What volume of gas is available to the
expanding gas volume either properly vents diver at a depth of 126 ffw and a temper-
through unobstructed passages or increases ature of 40°F?

until tissues are injured. Figure 2-3 shows
that the greatest volume change per unit of
pressure is in the vicinity of the surface. This
means that the greatest risk of injury due to P, =1 ata
barotrauma occurs near the surface.

Determine pressure:
On the surface:

% Change in surface volume at 10-foot intervals
0 5 10 15 20 25
l I I I I J
Surface
20
40
5
j_)
£
<
g
a 60
80
Figure 2-3. Volume changes as
a function of depth, determined
from Boyle’s law. Data are shown
as percentages of initial volume 100
in 10-ft increments. The greatest
percentage change occurs near
the surface.
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At 126 ffw:
P, = 126 ffw / 34 ffw = 3.7 atm

(In fresh water; 34 ffw = 1 atm)
3.7 atm + 1 atm = 4.7 ata
P, = 4.7 ata
Determine absolute temperature:
T, = 78°F + 460 = 538°R
T, = 40°F + 460 = 500°R
General Gas law:
(PyV)/ T =P, V,)/ T,
Substituting:
(1 ata) (72 ft3) / 538°R = (4.7 ata) V,/ 500°R
Solving:
V, =142 ft3

Because it is most likely that both temper-
ature and pressure will vary between the
filling of a compressed gas cylinder and its
use, the General Gas law will give a slightly
more realistic evaluation of volume available
at depth than a relationship that only exam-
ines two of the three pressure-temperature-
volume variables.

DALTON’S AW

In 1810, the English chemist John Dalton,
along with collaborator William Henry (of
Henry’s Law), observed the pressures
obtained when gases were mixed in the same
container. He concluded that when gases
were mixed in a container, each gas behaved
as if it were the only gas present.!! Thus, the
total pressure in a closed system can be
obtained by summing the pressures of each
component. The pressure of each compo-
nent is called the partial pressure. Expressed
mathematically:

Pgotan = P1 + P2+ Ps+ ... Py

where n = number of components in the gas
mixture.

The total pressure of a gas mixture is
the sum of the partial pressures of all the
components.

Because the distances between gas mole-
cules are so vast, each gas molecule behaves
as if it were alone. So, even though compo-
nents being mixed have pressures of their
own, when they are combined in a container
at near-atmospheric pressures the total pres-
sure is simply the sum of the individual com-
ponents. Under high pressure, the volume
of gas molecules (compared with the total
volume of space available) becomes signi-
ficant, and the simple summing of pressures
no longer applies.

Example

ity

A1 ft3 (28.3 L) container contains 500 psig
(34 bar) of nitrogen gas. Into the con-
tainer, an additional 346 psig (23.8 bar) of
oxygen gas is introduced. Determine the
final pressure.

Using Dalton’s law:
P(total) =P+ P2
Substituting:
Potary = 34 bar + 23.8 bar
Solving:
P otay = 97.8 bar

Another way of viewing Dalton’s law:

Pn = Pgotan X fraction gas,, by volume

Example

Determine the partial pressure of oxygen
in compressed air at a depth of 88 fsw
(26.8 msw).

Using Dalton’s law:

Pn = Potan X fraction gas, by volume
Remembering that air = 21% O,:
Determine absolute pressure:

P (hydrostatic) = 88 fsw / 33 fsw = 2.7 atm
P (absolute) = 2.7 atm + 1 atm = 3.7 ata



Substituting:
p O, = 3.7 ata x 0.21
p O, =0.77 ata

Example

i

Determine the partial pressure of nitrogen
(78% of air) at the same depth:

p N, =3.7 ata x 0.78
p N, = 2.89 ata

HENRY’S LAW

Whenever a gas is in contact with a liquid,
gas dissolves in the liquid. Gas molecules
simultaneously move out of solution into the
gas phase and move from the gas phase into
solution within the liquid phase. Although it
is impossible to predict the behavior of an
individual gas molecule, the net movement of
gas equilibrates such that the partial pres-
sure of the gas going into solution is the same
as the partial pressure of the gas coming out
of solution. When the gas reaches the state at
which the amount of gas going into solution
is the same as the amount of gas molecules
coming out of solution, the solution is said to
be saturated with gas. This state is called
equilibrium. At this point, although individual
gas molecules move at random into and out
of solution, there is no net change in gas con-
centration within the solution.

Henry’s law states:

The amount of gas that will dissolve into a

solution is directly proportional to the partial
pressure of that gas and inversely propor-
tional to the absolute temperature.

The greater the partial pressure of the gas,
the greater the driving force for solution and
the greater the amount of gas that will dis-
solve into solution. As the temperature
decreases, more gas will dissolve into solu-
tion. It is important to realize that Henry’s
law is concerned with the amount of gas in
solution when equilibrium is reached. It
specifically does not address how rapidly
that state is reached.

Henry’s law approximates the dissolution
of nitrogen within body tissues. The deeper
one dives, the greater the partial pressure of
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nitrogen (and any gas in the gas mix) and the
greater the gas load each tissue must bear.
Upon ascent, the partial pressure in the gas
phase decreases. The gas in solution then
escapes from solution in an attempt to obtain
equilibrium. If this escape from tissue is too
rapid for the body to handle, decompression
sickness is the result (see Chapters 7 and 8).

UNIVERSAL GAS LAW

Boyle measured the product of pressure
and volume and always found the same
number:

PV =k

Scientists wanted a single equation that
would—without requiring the measurement
of multiple volumes, temperatures, and pres-
sures—give reliable pressure, temperature,
volume, and quantity measurements on
gases. This led to an investigation of the con-
stant k. The resulting generalized gas equa-
tion takes the form:

PV = nRT

where P = absolute pressure, V = volume, n =
number of moles, R = universal gas constant,
and T = absolute temperature.

One mole contains 6.024 x 10?® (Avogadro’s
number) molecules. One mole of a gas at stan-
dard temperature and pressure (STP: 0°C,
1 atm absolute) has a volume of 22.414 L.
Thus, this equation allows one to derive
not only pressure, temperature, and volume
relationships but quantities of a substance
as well.

R is the universal gas constant equal to
the value of PV/nT.

Example

How many liters would 5 moles of any gas
occupy at 25°C (298 K) and 2 atm absolute
pressure?

Using:
PV = nRT; R = 0.082 L-ata / K-mole

Substituting:

(2 ata) V = (5 moles) (0.082 L-ata )
(298 K) / K-mole
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Solving:
V=61.1L

Thus 5 moles of gas would correspond to:

5 moles x 32 g / mole = 160 g O,
(oxygen, MW = 32)

5 moles x 28 g / mole = 140 g N,
(nitrogen, MW = 28)

5 moles x 4 g / mole = 20 g He
(helium, MW = 4)

Note: 20 g of helium occupies the same
volume as 160 g of O,. This is because
20 g of helium (5 moles) contains the
same number of molecules as 160 g (5
moles) of oxygen.

Determine the volume of one mole of gas
at 5.1 ata and 3°C (276 K).

Using the Ideal Gas Law:

PV = nRT
Rearranging:
V=nRT /P
Substituting:
V- (1 mole) (0.082 L-ata / K-mole) 279 K
5.1 ata
V = 4.441

REAL AND IDEAL GASES

The equation PV = nRT is called the Ideal
Gas Law. 1t is used to predict the behavior of
so-called ideal gases. An ideal gas is a gas
that exactly behaves according to the laws
of Charles and Boyle. In other words, for an
ideal gas, the product of PV is always con-
stant. In reality, no gas is ideal. Most gases, at
conditions near STP behave according to

Boyle’s and Charles’ Law. As temperature
and pressure move away from STP, values
calculated by the ideal gas laws, including
Boyle’s and Charles’, are different from the
values measured experimentally. The ideal
gas situation is best suited to high tempera-
tures and low pressure (when the distances
between individual gas molecules are great-
est, so molecular volume is insignificant
compared with total container volume). At
the pressures in a compressed gas cylinder,
gases no longer are ideal; thus, ideal equa-
tions no longer accurately predict volume
and pressure measurements. This deviation
from ideal behavior has been explained by
the fact that molecules do occupy space.
Because moving molecules cannot move
unhindered in all directions, the volume
appears larger than predicted by ideal
behavior. Also, slight forces of attraction
(van der Waals forces) exist between mole-
cules so that individual molecules do not
truly act totally independently of each other.
This makes the volume appear smaller than
predicted for ideal behavior.

The proximity of molecules to each other
depends on both temperature and pressure.
Low pressures and high temperatures keep
molecules apart and allow gas behavior to be
close to that predicted by the ideal equa-
tions. However, low temperatures and high
pressures tend to decrease molecular dis-
tance and lead to a significant difference
from ideal behavior. Such behavior is called
real behavior, and equations that predict gas
behavior in regions in which the simple ideal
laws are inadequate are called real equations.

Under ordinary conditions, the deviation
between real and ideal gas behavior is of
little concern to divers. However, at com-
pressed gas cylinder pressures, the differ-
ence between real and ideal calculations can
be substantial. This difference is particularly
important when one is calculating compo-
nents for a breathing mixture other than air.

van der Waals Equation

Because measurement of the pressure
and volume of a number of gases at different
conditions clearly demonstrated that the
simple ideal gas law was inadequate to
predict observed behavior, it became neces-
sary to modify the ideal gas equation. Near
the end of the nineteenth century, the Dutch
chemist Johanns van der Waals examined



the ideal gas equation and made the follow-

ing assumptions:

e At low pressures, the intermolecular
attractive forces act to cause a decrease in
pressure. This causes the product PV in
the ideal gas equation to be lower than
expected.

e At high (compressed gas cylinder) pres-
sures, the volume occupied by individual
molecules is significant with respect to the
total volume occupied by the gas. At high
pressures, the density of the gas is greater.
Thus, there will be more molecules per
unit volume and the percentage volume
occupied by gas molecules will increase.
Because the term V in the ideal gas equa-
tion should represent only free space avail-
able for gas movement, a correction would
be needed to account for the volume of
space occupied by gas molecules. Because
this correction factor is not present in the
ideal gas law, values calculated for PV at
high pressures are larger than measured.
In order to make the ideal gas law more

closely conform to observed parameters,

van der Waals introduced the following
modifications:

1. The ideal pressure could be repre-
sented as:

P (ideal) = P + (an? / V?)

where P = pressure measured, V = the
volume, a = a constant characteristic of each
gas, and n = number of moles present.

The constant a represents the attraction
between molecules; it is different for each
gas and has been determined from empirical
observations.

2. The ideal volume could be represented
as:

V (ideal) =V -nb

where V = volume measured, b = a constant
characteristic of each gas, and n = number of
moles.

The constant b represents the excluded
volume of the molecules that make up the
gas; it is different for each gas and has been
determined from numerous measurements.
Tables of a and b values for various gases are
available. One of the most utilized sources of
such data is the CRC Handbook of Chemistry
and Physics.'* The constants a and b are for
pure compounds only; values for mixtures,
except air, are commonly not available.
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Adding these new P and V terms to the
ideal gas law gives rise to the van der Waals
equation for real gases. This equation has
also been called the real gas law:

(P + an?/V?) (V-nb) = nRT

This equation can be used to derive pres-
sure, temperature, volume, and composition
predictions for conditions away from STP. At
STP, a/V? approaches zero and b becomes
very small compared with V; thus, the van
der Waals equation (by substituting 0 for
constants a and b) reduces to the ideal gas
equation.

Real Versus Ideal Calculations

The difference between real and ideal is
best illustrated by numeric example.

i

Determine the pressure in a compressed
gas cylinder filled with air using both real
and ideal gas laws.

Assume a compressed gas cylinder
has a volume of 0.4 ft3 (11.3 L).

Assume that this cylinder contains
80 ft® (about 2266 L) of gas at atmos-
pheric pressure. Because 1 mole of gas
occupies 22.4 L at STP, we can approx-
imate the number of moles at STP:

2266 L / 22.4 LL/mole = 101.2 moles

To simplify, assume the cylinder con-
tains about 100 moles of air.

Use 25°C (298 K) as the temperature.

R is 0.0821 L-ata/K mole).

IDEAL GAS LAW:

Using the ideal equation:

PV = nRT
Rearranging:
P=nRT/V
Substituting:
(100 moles) (0.0821 L-ata/deg K moles)
P (298 K)
11.3L
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Solving:

P = 216.5 ata (This corresponds to 3182.5
psia or 3168 psig)

Compare this to the pressure pre-
dicted from van der Waals real gas equa-
tion. The values for a and b are from
Himmelbau (1982), with R listed in units
of L-ata/K mole. This means pressure
must be in ata and volume must be in
liters for the obtained solution to be
correct. The units for constants a and b
in the van der Waals equation must be
consistent with the units chosen for R,
pressure, and temperature. Tables listing
values for R, a, and b with a variety of
units are available (see reference 3).

REAL (VAN DER WAALS EQUATION):
Using van der Waals equation of state:

(P + an?/V?) (V = nb) = nRT
Rearranging:

nRT nZa

P-
(V-nb) V2

Substituting:

_ (100 mole) (0.0821 L-ata/K mole) (298 K)
"~ (11.3 L -0.036 L/mole (100 mole))

(100 mole)? (1.33 L2-atm/mole?)
(11.3 L)?

Solving:

P = 317.738 ata - 104.159 ata
P = 213.58 ata (this corresponds to
3139 psia or 3124 psig)

There is a difference between the pressure
obtained from the real relationship (3124 psig)
and the ideal equation (3168 psig) for the pres-
sure exerted by the same physical quantity
(100 moles) in the same volume gas cylinder.
For most diving, this difference (about 1.4%
for air) is insignificant. However, when pres-
sures of gases are used to determine the com-
position of breathing gases other than air,
then the difference between the real gas com-
position and the gas composition predicted

from the simpler, ideal gas behavior can be
life-threatening. This difference is particularly
true for helium-containing mixtures.

Compressibility

Another approach to resolving the dilemma
between ideal and real behavior is the con-
cept of compressibility. In this scheme, the
formula for predicting gas behavior is:

PV = znRT

where z = compressibility factor.

The value z is different for each gas and
varies with the pressure and temperature.
Tables and graphs to find the appropriate “z-
factor” at needed conditions are available.
Note that for an ideal gas, z = 1 and the real
“compressibility” equation reduces to the
ideal gas law.

Beyond Real

The ideal gas equations adequately
predict gas behavior at conditions near STP.
As conditions move away from STP, more
terms have to be added to the equations so
that the predictions are close to observed
values of pressure, temperature, volume, and
composition. These new terms gave rise to
the real gas law. The real gas equation of
van der Waals correlates well enough with
observed values to be used at pressures
used in compressed gas cylinder. However,
as the pressure continues to increase, the so-
called real gas law begins to deviate from
observed values and additional terms must
be added to this real equation in order for
calculated values to correlate with observed
gas behavior.

CONCLUSIONS

Understanding the physical principles
that govern the underwater environment not
only enhances the enjoyment and safety of
those who dive in any of the world’s waters;
it also clarifies the consequences of this
activity and the treatments necessary to
manage problems that may occur in diving.
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Diving equipment has evolved dramatically
since the 1950s. The increased use of spe-
cialized materials has spurred engineering
design advances and manufacturing pro-
grams. Proliferating full-service dive opera-
tions throughout the world are marketing
sophisticated products and services to meet
the needs of a larger diving population.
Divers in the 21st century have access to a
wide range of equipment needed to work
effectively in widely differing diving environ-
ments (Fig. 3-1). This chapter provides
practical insight into some important consi-
derations of diving equipment and its effec-
tive use. It is important that each diver be
comfortable and safe on every dive. It is
equally important for divers to be aware of
their own limitations when using the wide
array of available diving equipment. Ade-
quate preparation for safe, effective diving
includes proper training in the use of the
equipment within the specific requirements
of the diving environment. This training,
coupled with knowledge of personal limita-
tions, minimizes the risk of loss of control,
which can lead to injury or death.

MASKS

The purpose of the mask is to provide an air
pocket over the eye that permits the eye to
focus and thereby allows the diver to see
clearly under water. The size of the air pocket
can vary from that within a special contact
lens to that confined within goggles, masks,
and even helmets. Problems with masks are
related to visual distortion, a restricted visual
field, pressure, volume changes with atten-
dant discomfort, and occasional irritation
from chemical or bacteriologic sources.
Visual distortion is the result of variations
in the distance from the mask lens to the eye.
Air has an index of refraction of 1.0, whereas
the index of refraction of water is 1.333. This
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difference results in refraction of the light
rays at the air—-water interface, causing the
diver to perceive objects to be closer and
larger than they really are. For example, an
object 4 ft away appears to be 3 ft away if it
is viewed directly forward with the mask lens
perpendicular to the line of vision. However,
distortion increases as the line of vision devi-
ates from the perpendicular to the lens, and
the object appears to grow larger. Divers
adapt readily to this problem and, with
experience, learn to adjust their hand-eye
coordination and spatial visual judgments
accurately:.

Restrictions of the visual field through the
mask are annoying and are largely a function
of the distance of the lens from the eye,
the size of the nose, and the dimensions of
the lens and the skirt of the mask. Placing the
lens close to the eye widens the visual field.
The size of the nose and the nose pocket
found on many masks creates an obstruction
in the medial portion of the visual field.
Masks with side lenses at corrected angles
are popular, but there is always a distorted
area where the planes of the lenses change,
which can lead to distorted visual images.
For example, a fish swimming across a diver’s
line of vision may be seen out of the side
panel, but as it gets closer it may disappear
from view or may appear to bend as it comes
into view on the front panel. Additionally,
some of the newer clear skirts and side
windows permit light to come into the mask
from the side and reflect off the inside of the
lens and back into the diver’s eyes, causing
some loss of acuity. Generally, lower-volume
masks that place the lens closer to the eye
are favored by knowledgeable divers, espe-
cially if they enjoy free diving.

Hypoallergenic silicone skirts and straps
are more comfortable, cause less irritation
of the skin and eyes, and are significantly
longer-lasting than natural rubber products.
Periodic cleaning, particularly of the inside of
the mask, is especially important in climates
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Figure 3-1. Fully dressed scuba diver wearing a wet
suit, buoyancy compensator with alternative air
source, independent air supply, dive computer
integrated with tank pressure gauge, mask, fins, and
snorkel. (Photograph courtesy of Mike Steidley.)

where black algae and other organisms can
grow easily. Cleaning products for the lenses
and skirts should be handled with care. On
occasion, some of the cleaning products
leave behind a residue that may cause severe
eye irritation and potential injury. Thorough
rinsing of the mask prior to use is a funda-
mental precaution.

The fit of the mask to facial contours is
very important and should be considered
carefully before purchase because tightening
the mask strap on a poorly fitting mask in
order to create a seal results in discomfort
and potential leaking. Proper placement of
mask straps and wider straps minimizes the
angle of pull on the mask and reduces
the likelihood of a poor seal. Leaky masks
usually result from poor fit, trapped hair, or
catching of the edge of the hood under the
mask skirt. Ensuring smooth contact of the
mask with the skin is a much more effective
way of making a seal than is tightening the
strap excessively. Periodic checks of the
mask skirt will reveal any small tears that
may cause small leaks.

Figure 3-2. Several types of diving fins.

Contact lens wearers should use care
when diving because these can easily be
washed out of the eye should the mask flood
suddenly. The practice of inserting eye-
glasses into the mask cavity does not
provide satisfactory vision and is not recom-
mended. Lenses with the appropriate correc-
tions can be placed in masks quite easily and
offer an alternative to contact lenses and
eyeglasses.

FINS

Fins (Fig. 3-2) provide a greater resistive
surface to improve propulsion. Fins can now
meet the needs of almost any diver. The
development of long flexible fins for compet-
itive fin swimming and the use of new
lightweight materials for better thrust and
durability have added a new dimension to
diving efficiency. The split-fin technology has
achieved great popularity, and tests have
shown them to be more efficient with less
noticeable leg strain. There is a learning
curve for the split fins, especially with any
kick other than the flutter-type kick, but
most users are pleased with the results.

One criterion for evaluating fins involves
comfort, both in the foot pocket and in the
stress on the leg muscles under diving
conditions. Leg length and strength are
also important because a diver with weak
muscles on long legs may not be able to
effectively use an otherwise excellent fin
configuration. For example, weak hip rota-
tional muscles may permit the hip to rotate
during the thrust phase of the kick, resulting
in the solid blade fin turning on its edge and
slicing through instead of flexing and provid-
ing thrust. The split-fin technology does not
appear to have this problem because each
side of the fin directs water flow out through
the slot in the middle of each fin, effectively
reducing the torque on the hip joint.
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Figure 3-3. Diver swimming while
monitored by an underwater
ergometer. Note the nearly
perpendicular angle of the left knee
as the diver prepares to execute the

Fin studies conducted at the University of
California, Los Angeles, and elsewhere have
consistently demonstrated that individual
variations in the ability to use fins effectively
for a particular type of diving dictate which
fin may be superior for an individual at a
given level of conditioning. In an early UCLA
study of nine popular solid-blade fins, nine
subjects were asked to use each fin in
random order, under three workloads, on
two separate occasions in a blind test. The
subjects were experienced divers, ranging in
height from 5 ft 5 inches to 6 ft 4 inches. The
data revealed that the longer, narrower fins
tended to be slightly more efficient than the
shorter, wider fins and that fins with vents,
regardless of their direction, were not supe-
rior to those without vents. The longer, less
flexible fins required stronger leg muscles
and delivered higher levels of thrust, without
causing rapid fatigue.

Divers should condition themselves to the
fins they intend to use in order to use fins
effectively. This may require working with
fins of increasing rigidity over time in order
to develop the necessary strength and
endurance to support the workload imposed
by the more rigid fins. Cramping and discom-
fort may be the result of poor adaptation to a
particular fin. This logic is appropriate for
solid-blade fins, but it is clearly not the same
issue for the newer split-blade fins. Hardy
and associates (personal communication)
conducted extensive tests on all currently
available diving fins. They demonstrated a
27% advantage of the split-blade over the

power stroke of the kick.

solid-blade fins. Their data can be found on
the Internet.! The Hardy studies found that
the split fins did require a flutter kick to give
the best results. The split-fin technology is
superior while the diver swims straight
ahead using the shallower flutter kick and
results in lower air consumption for experi-
enced users. Unique swimming techniques
must be mastered to enable the diver to use
alternate kick styles such as sculling and
maneuvers requiring rapid turns. These
alternate propulsive maneuvers are some-
what easier to perform with solid-blade fins.

Kicking style is important when evaluating
fins because force must be applied in the
direction opposite to the intended path. With
a drag-dominant kick, in which the fin works
primarily as a paddle, the vector of force at
90 degrees of flexion of the knee is primarily
to the rear (Fig. 3-3). When the knee is fully
extended, the vector of force is perpendicu-
lar to the path of travel. A wider, slower kick
is more efficient than the rapid, shallow kick
often used by novice divers. With a lift-
dominant kick, such as a sculling-type kick,
the fins respond like propeller blades or
wings, directing the resistance to the rear
when the leg is nearly straight The power
from this type of kick comes from the power-
ful rotator muscles of the hip joint; the fins
sweep through the water rather than paddle
against it. Because these two kicks require
the use of different functional muscle groups,
it helps to become proficient in both kicking
styles in order to prevent fatigue. One of the
characteristics of the split-fin design is that
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the split blade permits the development of
strong lift forces on both sides of the split on
both the up and down stroke without a strong
feeling of strain on the thigh musculature.
Although the modern, lightweight, durable
plastic fins provide excellent thrust charac-
teristics and work well with a variety of kick
patterns, the buckles and straps are usually
large and offer significant drag. Full-foot fins
constructed of plastic materials are some-
what more efficient. However, they are lost
in surf more readily than open-heel fins
with neoprene booties. With booties with
open-heel fins, the configuration of the foot
pocket should be evaluated for comfort with
the foot covering (booties) that will be worn.
Many newer booties have thick soles for
walking on land, and those attached to or
worn with dry suits are often larger than
normal. Discomfort from blisters or a tight fit
can be avoided with proper fin selection.
Each new pair of fins requires a period of
“breaking in” while the diver is adapting the
leg and hip musculature to the new work-
load. It is not wise for a diver to use a new,
higher-resistance fin on a strenuous dive
without preconditioning with the new fin.
Comfort and efficiency with new fins develop
with progressive increases in the workload.

SNORKELS

Snorkel tubes, used for easier breathing
while swimming on the surface, have evolved
from simple tubes that are open at both ends
to devices that offer purge valves, swivel
mouthpieces, advanced materials, and mouth-
pieces of improved design (Fig. 3-4). An
adequate snorkel should permit the diver to
swim at high workloads on the surface
without encountering excessive breathing
resistance that would significantly impair the
snorkeler’s ability to breathe comfortably.
Longer, smaller-diameter tubes with unnec-
essary bends, internal corrugations, and any
unnecessary airway obstructions are unde-
sirable and may lead to intolerable levels
of respiratory distress under moderate to
heavy workloads.

Self-draining snorkels have reduced the
amount of water the diver must move in
order to clear the snorkel. These devices
contain an exhaust valve below the waterline
that permits water trapped in the tube to
drop to the level of the surrounding water. A
sharp pulse of exhalation pressure is then

Figure 3-4. Examples of several snorkels. Note that
some snorkels are designed with alternative purge
valves.

directed against a smaller water column, and
water is purged out of the tube with the
momentum generated in the water column.
The diver must understand that doubling the
flow rate of air through the tube results in
the need to overcome the square of the
resistance to breathing and that the energy
cost of this extra effort greatly increases. The
snorkel must be considered an extension of
the airway and as such should provide
minimal resistance to breathing. If the diver
experiences exceptional respiratory dis-
tress, he or she should consider swimming
on the back with the snorkel removed and, if
necessary, also the mask, but only after the
buoyancy compensation device has been
inflated. Long snorkels increase physiologic
dead space and can lead to CO, retention
and hypercarbia. Excessively long snorkels
should be avoided.

The snorkel mouthpiece should be able to
rotate on the snorkel tube so that the lip
flange of the mouthpiece can be placed
parallel to the teeth and gums. Blisters of
the oral mucosa and temporomandibular
joint problems can result from poor align-
ment. Some innovative mouthpieces come in
several sizes, and care should be taken to
obtain a proper fit. Persons who tend to
bite through the tabs on the mouthpiece can
often be well served with a customized
mouthpiece.

BREATHING APPARATUS

The continuous evolution of breathing
apparatus has resulted in a variety of devices
with minor differences in construction and
function. This discussion covers the generic
types of life-support equipment and provides
some guidelines for their effective use. Every
diver should understand the basic operation



of breathing equipment and should be able
to maintain it properly for safe, effective
operation. Up-to-date information on most
diving equipment for virtually all of the
manufacturers can be found on the Internet.
In addition, specialized user groups provide
alternative sources of equipment informa-
tion on the Internet.

By far, the most widely used life-support
equipment is the scuba, or self-contained
underwater breathing apparatus, used by
recreational, scientific, commercial, and
military divers. This apparatus permits
divers to move independently under water
while carrying the entire life-support system
on their body. Umbilical diving, on the other
hand, uses a hose connected to the surface
or to a submerged bell or habitat, which
limits the diver’s mobility. The tradeoffs
between the systems generally involve con-
sideration of the need for communication,
heating, increased gas supply, and increased
workloads.

Scuba
OPEN-CIRCUIT SCUBA

The most common form of scuba is open-
circuit scuba, which consists of a “tank” or
high-pressure cylinder of compressed air and
a regulator, which reduces the compressed
gas to ambient pressure so that the diver
can breathe without difficulty (Fig. 3-5).
Breathing gas is inhaled from the regulator
and exhaled into the water. These high-
pressure cylinders are usually constructed
of steel or aluminum, but stainless steel and
titanium are also used. Cylinders should be
inspected annually by a trained inspector in
addition to the required hydrostatic test pro-
cedure that is required every 5 years in the
United States (but less frequently in other
countries). In recent years, the appreciation
for the damage that can be caused by explod-
ing, improperly maintained high-pressure
cylinders has been promoted by most train-
ing agencies. The fact that an 80 ft® aluminum
cylinder at 3000 psi can release approx-
imately a million foot-pounds of energy—
capable of blowing out cement walls and
killing people—should be good reason to
welcome regular inspections. More informa-
tion about high-pressure cylinder safety can
be found on the Internet.
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Figure 3-5. Typical open-circuit scuba apparatus
consisting of a pressure cylinder, single-stage regulator,
underwater tank pressure gauge, depth gauge, and
spare hose for connecting to the buoyancy device.

One Web site provides a list of the high-
pressure cylinders that are more likely to
develop the neck cracks that often precede
catastrophic failure.? Although newer mate-
rials are less likely to crack, the potential
does exist. One particular aluminum alloy
identified as 6351 has been largely removed
from high-pressure cylinders in the United
States for this reason. Sustained load crack-
ing, particularly of the threaded area and
necks of aluminum cylinders, is generally
easy to detect by a trained inspector using
appropriate tools. Although most scuba
cylinders are 71.2 or 80 ft3, tank volumes can
range from a few cubic feet in small acces-
sory air bottles to 120 ft® in tanks used for
deeper or longer exposures. The wide
variety of tanks makes it important to ensure
that the tank being used is filled to an appro-
priate pressure and that the proper over
pressure “burst disk” is installed. A thin coat
of a nongalling dielectric material should
also be used on cylinder valves to further
control corrosion. Maintaining a positive
pressure of 100+ psi within the cylinder at
all times can prevent backflow through the
regulator when moving up and down in the
water column at the end of a dive. Do not
breathe the cylinder pressure below 200 psi
except in an emergency.
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The compressed air in the tank moves
through a first stage of the regulator, where
its pressure is reduced to an intermediate
pressure of 130 to 150 psi. The air then
passes through an intermediate pressure
hose to a second stage, located at the mouth,
where the air pressure is further reduced to
the pressure of the surrounding environment
and the diver’s lungs. The diver exerts a
slight negative pressure on a mouthpiece
connected to the second stage and causes
the opening of a nonreturn valve between
the intermediate pressure hose and mouth-
piece, allowing air to flow into the mouth-
piece and then the airways. The diver then
exhales back through the mouthpiece, and
the exhaled air is discharged to the open
water through a nonreturn exhaust valve.
Failure to maintain and inspect the regulator
prior to use can result in leaks that can cause
water aspiration. This condition can result in
coughing and aspiration of contaminated
water with subsequent pneumonia.

The basic scuba system can be con-
figured in a variety of ways; generally, the
tank, backpack, regulator and accessories,
and buoyancy compensators are considered
as the basic life support unit. Each manufac-
turer offers variations on the basic design
and competes on the basis of cost, en-
hanced performance, and design appeal.
This equipment is a tool for diving under the
water, and skill in the use of this tool must
include a basic understanding of the effec-
tive and safe operation of the selected
components.

The open-circuit systems are designed to
provide easy breathing with inhalation and
exhalation resistance of less than 3 inches
(7.5 cm) of water. Actual resistance is usually
about 1.5 inches (3.7 cm) of differential water
pressure during normal respiration at sea
level. Regulators with inhalation and exhala-
tion resistances above 3 to 4 inches (7.5 to
10 cm) of differential pressure need mainte-
nance or repair. An exception may be the
alternative air source regulator: It is some-
times set at a slightly higher resistance in
order to reduce the tendency toward air
losses induced by “free flow” caused by
negative pressure on the mouthpiece while
the diver is swimming in currents or making
entries from boats. The breathing effort of
regulators can be expected to change as a
function of several variables, such as respi-
ration rate, water depth, lack of mainte-
nance, and temperature.

Different regulator designs influence
breathing resistance characteristics, and the
diver should be encouraged to obtain the
most efficient regulator for the type of diving
planned. For example, most of the higher-
quality regulators have balanced first stages
that compensate for changing tank pres-
sures, thus providing the diver with a consis-
tent breathing resistance regardless of the
tank delivery pressure. This gives the diver
an advantage in terms of breathing work but
may pose a disadvantage for the diver who
fails to heed the tank pressure gauge.
Breathing resistance will not increase when
the tank pressure becomes low, and the diver
may not feel the breathing becoming more
difficult. As a result, a careless diver at depth
may suddenly find that there is insufficient
air to make a normal ascent to the surface.

Although divers should be thoroughly
familiar with the capabilities of each piece of
equipment, including tank pressure gauges,
special attention should be directed to the
regulator because its operation is critical.
Although regulator failure is extremely rare, it
is possible, and divers should be prepared for
such an event. A fundamental of good diving
practice is the reinforcement of emergency
skills. It is important to review the emergency
procedures that are appropriate for the
equipment currently used by the buddy pair
for a given dive. The tank pressure gauge and,
in most cases, a dive computer, a depth
gauge, and low-pressure hoses are all integral
parts of the regulator assembly (see Fig. 3-5).
These devices are usually worn together,
sometimes with compasses attached in a
console arrangement. Frequently, this some-
what weighty console is left unattached at
the distal end. This configuration allows the
console to swing free and injure a diver in its
path. It is also common for the dive computer
to be included in the console, either as a
stand-alone instrument or integrated with the
high-pressure hose. Dive computers with
data on remaining airtime frequently replace
the tank pressure gauge and depth gauge
because information on depth and tank pres-
sure is part of the computer display. If this
type of configuration is used, attention must
be directed to battery life and minimization
of impact.

It is important to arrange a stable position
for the location of gauges as well as the alter-
native air source in order to minimize trauma
to the equipment and the diver. For example,
the high-pressure hose can, in the absence of



dedicated attachment, be directed under the
left arm and under the waist strap of the
backpack, so that the console hangs down
along the left thigh with sufficient length to
permit the console to be held up for easy
viewing of the instruments. As an important
safety feature, high-pressure hoses normally
have a pinhole orifice at the proximal end
that restricts flow, thus preventing injury
from a flailing hose in the event of a rupture
of the high-pressure hose. Periodic assess-
ment of the condition of the hoses and the
accuracy of the instruments adds a signi-
ficant margin of safety to diving performance.

BUDDY BREATHING

Sport scuba diving currently requires an
alternative air source as a solution to the
out-of-air emergency (which is usually pre-
cipitated by a poorly managed air supply).
Unfortunately, the proliferation of these devi-
ces raises an important equipment-related
issue. A variety of alternative air-source con-
figurations are available—octopus, pony
bottle, combination oral inflation, breathing
devices for the buoyancy compensator, and
small independent air systems; buddy
breathing from a single air source is also
a traditional and acceptable alternative
(Fig. 3-6). Although there has been little
acceptance of a standardized procedure for
any of the alternatives for an out-of-air emer-
gency other than buddy breathing, in many
programs buddy breathing is no longer being
taught. The large number of potential solu-
tions for an out-of-air emergency causes con-
fusion. The dive team must be comfortable in
the use of whatever alternate air source
configurations are being used. For buddy
breathing and for devices that attach to the
oral inflation hose on the buoyancy com-
pensator, the location of the alternative air
source is fixed. The octopus system and
independent systems, such as pony bottles,
are usually configured to the whims of the
individual. Frequently, hoses connected to
mouthpieces permit different locations
depending on the position of the diver’s
body in the water at any given moment. In
short, the configurations for solving an out-
of-air emergency are limited only by the
imagination of the diver.

With this variety of configurations, it is
possible and perhaps necessary to standard-
ize the donor response to the standard out-
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Figure 3-6. Clockwise from lower left: independent
air supply, octopus, primary regulator, Air II, and pony
bottle.

of-air signal. The source of the air that will be
given to the recipient should therefore be
located in a consistent position on the front
of the donor’s body, where a single move by
the donor would enable the air source to be
presented to the mouth of the person who
gave the out-of-air signal. The use of colorful
mouthpiece protectors and second stages
mounted on the front of the buoyancy com-
pensator can draw attention to the location
of the alternative air source.

To simplify the problem, all divers can
agree beforehand that the signal for an out-
of-air emergency is a hand drawn sharply
across the throat followed by an “I want to
buddy breathe” signal with the hand and
fingers motioning toward the mouth. After
this signal, the donor and recipient would
link; the donor would grasp the recipient’s
shoulder strap with the left hand and the
recipient would grasp the donor’s shoulder
strap with the right hand. At this point, the
buddy team would be facing each other as
the donor would immediately pass an air
source toward the recipient’s mouth and the
recipient would use the left hand to guide the
donor-controlled air source to the recipient’s
mouth. Such an agreement by the buddies
should be established before the dive, when
the procedure can be reinforced by careful
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rehearsal under nonstressful conditions. A
reasonable solution would involve a proce-
dure using a single, simple, standardized
device, but it appears that variations in the
equipment and techniques promoted in the
field require a more generalized response,
such as the one just suggested. Regardless of
the procedure selected, divers must estab-
lish a comfort level for its execution with a
given partner. There is no procedure for an
out-of-air emergency that does not require
repeated rehearsal for its ultimate effective-
ness. In any event, the predive buddy check
should include the clarification and rehear-
sal of the emergency procedures, particu-
larly when one is diving with a new buddy.

CLOSED-CIRCUIT SCUBA

A traditional closed-circuit breathing appa-
ratus consists of a mouthpiece and hoses
connected to a breathing bag, a carbon
dioxide—-absorbent canister, and a high-pres-
sure breathing gas supply (Fig. 3-7; also see
Chapter 29). The diver inhales from the
breathing bag, and upon exhalation, expired
gas containing carbon dioxide is routed
through a nonreturn valve on the mouth-
piece into a canister containing a carbon
dioxide absorbent. From the absorbent can-
ister, the remaining breathing gas returns to
the breathing bag, where breathing gas is
added from the high-pressure supply, and a
full bag of breathing gas is once again
available for inhalation. The flow of breath-
ing from the high-pressure source may be
controlled manually, by fixed flow in simple
models, or by automatic sensors that moni-
tor the bag volume to keep the bag full at
the end of each exhalation. More advanced
mixed-gas rebreather devices contain sen-
sors that monitor the partial pressures of the
gases and keep them within the safe ranges
for the depth (see Chapter 29). These
devices typically require additional training
and care in their use. Historically, 1.6 ata
(25 fsw) has been the depth limitation for the
use of pure oxygen, but recent standards
consider 1.4 ata to be an upper limit (see
Chapter 6). Anyone using closed-circuit
breathing equipment must consider the
combination of oxygen partial pressure and
exposure time. Sensor-controlled rebreather
devices are typically set to hold the oxygen
partial pressure between 0.5 and 0.7 atm.
Their greatest appeal is the absence of

Figure 3-7. Closed-circuit rebreathing device
showing counterlung and gas supply. (Photograph
courtesy of Lee Somers.)

bubbles and a significant reduction in the
volume of gas used. Depth limitations for
oxygen toxicity and the need for expensive
monitoring devices for greater depths have
generally restricted the use of these devices
to special applications other than recrea-
tional diving.

Although rebreathers of moderate cost
are making closed-circuit scuba more afford-
able, each specific type of device requires a
high level of training. Several new closed-
circuit devices are being marketed for tech-
nical diving applications, and in some
areas the technology is being offered to
recreational divers. These devices are
designed to minimize the technical support
and advanced training that has traditionally
accompanied closed-circuit rebreathing
operations. The use of rebreathers generally
requires special training in concert with
specialized technical and logistical support.
For example, some manufacturers require
that a manufacturer’s course of instruction



on the use and maintenance of the devices
be completed before the unit can be used in
the field. Several of these devices are
computer-controlled and include a decom-
pression status function that permits divers
to monitor their status for depth, bottom
time, time remaining for the gas supply, and
decompression status. This is in addition
to their maintaining the oxygen partial pres-
sure between 0.5 and 0.7 atm. Acceptance
of these sophisticated devices has been
limited in the general diving population, and
any widespread use appears to be several
years away.

Increased breathing resistance and large
dead spaces are common to most of these
systems, and these factors interfere with a
diver’s ability to perform heavy work at
depth. Carbon dioxide buildup is also a
significant threat because the absorbent
materials tend to lose efficiency because of
channeling of the expired gas through the
absorbent material, accumulation of mois-
ture in the canister, decreases in tempera-
ture, and carbon dioxide saturation of the
absorbent. Technologic advances are cur-
rently correcting many of these problems,
and the rebreathers are becoming easier
to use.

Surface-Supplied Diving

The use of hoses and lines from the surface
to the diver permits the diver to maintain
active communication with the surface and
to have almost unlimited supplies of gas,
power, and heat. Surface-supplied diving
requires highly specialized training and
surface support because the danger of
fouled lines and entanglement is always
present. A detailed treatment of this topic
can be found in the United States Navy Diving
Manual and the NOAA Diving Manual, among
others.3* Surface-supplied diving is also
becoming more popular with public safety
divers and others who are concerned with
diving in polluted waters. Special methods
for isolating the divers from the environment
and rinsing the diver following exposure are
widely used.

Recreational surface-supplied devices are
found in some shallow reef areas, where the
divers tow small compressors or tanks of
compressed gas on the surface. Although
such devices confer some degree of added
control over the diver, the basic rules of
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diving behavior and physics cannot be
understated or ignored.

PERSONAL FLOTATION
DEVICES

Personal flotation devices have evolved from
small front-mounted bladders that could be
inflated only orally to large jacket-type
flotation bladders with up to 80 lb of positive
buoyancy (Fig. 3-8). Tradeoffs in the selec-
tion, operation, and training needed for
personal buoyancy control are highly contro-
versial. The controversy arises from the
consideration of the amount of buoyancy
needed for adequate control versus the
amount needed in an emergency, with
concern regarding rapid ascent rates and
restricted movements.

It is important to understand that the
buoyancy control device is not a life jacket in
the traditional sense. Life jackets have the
primary function of floating the victim face
up, head out of the water during a water
emergency. The buoyancy compensator is
used as a tool whose primary function is to
maintain the diver in a near-neutral state at
any depth while maintaining a desired posi-
tion, usually face down. To accomplish this,
the device should concentrate much of the
flotation near the center of mass of the body.
This location permits movement around the
center of mass for purposes of trim as well as
neutral buoyancy. Surface flotation with the
head out of the water is easily accomplished
by the conscious diver who can inflate and
maneuver at will. The unconscious diver, on
the other hand, often requires a buddy to
help with achieving a position of head out,
face up because the buoyancy compensator
may not automatically float divers with
their face out of the water. Part of the
problem relates to the air in the bladder that
ultimately seeks a position as near to the
surface as possible. In a head-down position,
for example, the bubble may be in the
highest portion of the device, which tends to
hold the diver in that position until the
diver’s position can be inverted.

A state-of-the-art buoyancy device has a
large bladder arranged in a jacket-like con-
figuration so that substantial areas of the
device rest under the arms and on the front
of the chest. Front-mounted “horse collar”
vests and back-mounted, horseshoe-shaped
bladders are still preferred by a relatively
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Figure 3-8. Low-profile buoyancy compensator with
an integrated “quick draw” weight system and
combined autoinflation air source. (Photograph
courtesy of Mike Steidley.)

small number of divers, but the trend is
toward jacket configurations that localize the
buoyancy near the center of mass of the
body. This location permits smaller and more
streamlined configurations. The exception is
with technical diving, wherein the buoyancy
control device also acts as a load-bearing
jacket used for conveying extra tanks and
tools for specialized dives. Adequate training
in the use of these complex systems is cru-
cial. Such customized arrangements require
a lengthy training program before the diver
can be in complete control of the devices.
All buoyancy devices have an oral
inflation hose with an option for an auto-
matic inflation device designed to deliver air
directly from the tank to the bladder. These
auto-inflation devices are not standardized in
terms of design or placement of the controls,
and many are designed to incorporate an
alternative air source. The use of these mul-

tifunction features in an emergency requires
that each member of the buddy team be
familiar with the strengths, limitations, and
operational control of their own and their
partner’s equipment. Because emergency
use of the buoyancy compensator and the
attached alternative air sources is not stan-
dardized, there is a risk of confusion and a
delayed response to an emergency.

In most buoyancy compensators, the oral
inflation hose is located on the left side and
should be long enough to permit easy
inflation by the user or the buddy. A Velcro
collar or other attaching device located on
the hose near the mouthpiece with a corre-
sponding attachment surface on the body of
the flotation bladder is useful to keep the
location of the mouthpiece stable during the
dive and in case of an emergency. Familiarity
with the location and function of the inflator
mechanism and deflator mechanism is
fundamental.

The diver should be properly weighted to
minimize the need for adjustments of the
buoyancy device. Improper weighting can
result in the need to add air to the bladder in
amounts that can lead to loss of control
when the air expands rapidly in the bag
during the latter portion of the ascent.
Purging excess air during ascent can become
difficult if the diver waits too long before
starting the process. Recall that the greatest
volume changes take place near the surface.
The buoyancy device should be used as a
tool rather than as a crutch. Most expert
divers rarely find it necessary to make major
adjustments in buoyancy. Relying on the
device to accommodate for overweighting is
unnecessary and potentially dangerous.
Proper weighting techniques reduce the
need for inflating the buoyancy device as
depth changes or for surface inflation to
avoid becoming submerged.

The inflator valves should be maintained
regularly because seawater left in the
bladder and the oral inflation hose causes
salt deposits and corrosion that often leads
to inflator valve malfunction. Rinsing thor-
oughly, externally and internally, with fresh
water after each use and checking for leaks
should be fundamental tasks. Single-bladder
configurations are usually smaller and
produce less form drag than do the double-
bag types. If speed remains constant,
increasing the frontal surface area of the
diver increases the swimming resistance
considerably. This increase in resistance



requires a corresponding increase in energy
production if the swimming speed is to be
maintained. Form drag reductions are impor-
tant considerations for diver efficiency, par-
ticularly in currents or when a diver is
moving rapidly through the water. The ease
with which a diver explores a reef is decep-
tive because movement is slow. The reality is
that the resistance the diver must overcome
is increased four times when the speed is
doubled.

The rate of ascent under varying degrees
of buoyancy may become a significant factor
with larger buoyancy bladders. One liter of
air displaces 1.03 kg of seawater (2.3 1b);
thus, a buoyancy bladder exerts 2.3 lb of
lifting force for every liter of water displaced.
Smaller buoyancy compensators have a capa-
city of approximately 10 L, whereas larger
devices often have a capacity of 20 L or
more. The increased potential for a loss of
control and rapid ascent with greater water
displacement requires that the diver adjust
the air in the bladder to a safe level before
control becomes a problem. Divers should
follow the rule of equalizing early and often
on ascent as well as on descent, and they
should keep in mind the exponential nature
of gas expansion, especially as they near the
surface. Neutral buoyancy, the state at which
a diver neither rises nor sinks, is obviously
desirable at the depth the diver desires to
hold stable. This is especially true at the end
of a dive, when the bottom time is close to
the decompression limit and the diver
wishes to take an optional safety stop during
ascent. The ability to achieve neutral buoy-
ancy at 15 ft requires that the diver consider
the problem of increasing buoyancy result-
ing from air consumption and suit expansion
before the dive begins in order to avoid
serious over- or underweighting.

HYDRODYNAMIC DRAG

Drag develops in three basic ways during
diving: by frontal resistance, by skin friction,
and by turbulent or eddy resistance. Drag is
the sum of these three types of resistance.
Frontal resistance is the force that devel-
ops when an object presents a surface to a
fluid and attempts either to move through
the fluid or to have the fluid move past it. In
either case, the resistive force is a function of
the frontal surface area and the shape and
speed of the object. If the frontal surface area
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of a diver is increased and the speed remains
constant, the resistive force increases linearly,
with a shape function that can be expected
to increase the drag further as a result of any
protuberances in the configuration. If the
frontal surface area is constant and the
speed is doubled, the resistive force is
quadrupled. Reducing the speed or the
surface area reduces frontal resistance dra-
matically. These relationships emphasize the
importance of maintaining a body position
aligned with the intended travel path in a
head-to-toe direction. Over- or underweight-
ing results in an angle of the body that is
upward or downward to the intended travel
path and dramatically increases frontal
surface exposure, with significant increases
in resistance. Inflating buoyancy compensat-
ing devices or adding equipment to the body
also results in an increased frontal surface
area. Streamlining efforts can effectively
reduce this factor.

Surface friction is the force that develops
as fluid particles pass over the body and
exert frictional drag on the body. Viscosity,
speed, and the shape of the body are impor-
tant considerations. A laminar flow of water
over the surface of the diver is nearly impos-
sible, but flaps, straps, and other protuber-
ances can be reduced by proper attention to
rigging and smoothing the body surface as
much as possible.

Eddy resistance, or turbulent flow, usually
results when the smooth flow of water
passing over the body is disrupted by an
irregularity. Where water passes over sharp
bends or corners such as the end of the tank
or the back of the head when the neck is
hyperextended, the turbulence -creates
resistance that slows the diver’s forward
progress. Divers being towed by boats or
diver propulsion vehicles are faced with the
prospect of losing their masks if they posi-
tion their heads inappropriately and permit
turbulent flow to develop on the edge of the
mask. Eddy resistance can accentuate the
displacement of any loose pieces of gear that
are not secured properly.

These drag-producing factors become
more important as the speed of water
flowing over the body increases. The expo-
nential nature of the increase is frequently
not well understood. Divers who go down-
stream of the boat and then attempt to swim
up against the current to return to the boat
at the end of the dive may fail simply
because they cannot produce the force
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necessary to overcome the additional resist-
ance caused by the current.

THERMAL PROTECTION

Chapter 13 provides a detailed treatment of
physiology of hypothermia. When a diver
enters water with a heat conduction capacity
25 times that of air, heat is conducted from
the body and adaptive changes occur to
protect the body from a fall in core tempera-
ture. Because the comfort range for humans
is approximately +1°C of core temperature,
and because a gain or loss of 3° to 4°C in the
core temperature can result in significant
physiologic impairment, additional thermal
protection is necessary under most pro-
longed diving conditions. Protective gar-
ments have been developed to increase the
length of time that a diver can remain within
the safe range of core temperature.

Many divers use so-called skin suits made
of nylon, Lycra, or thin laminated materials.
These suits are worn for protection from the
sun, for warm-water thermal protection, and
as undergarments for wet or dry suits.
Whereas the lightest of these suits have only
limited thermal insulation, other, more sub-
stantial models add comfort and protection
in water above 75°F (24°C).

The most common protective garment is
the wet suit (Fig. 3-9), which uses a layer of
air-impregnated neoprene rubber as the
insulating boundary to trap water next to the
diver’s skin as an insulating layer. A well-
fitted wet suit holds the water in place so
that heat is not exchanged by water dis-
placement. The wet suit compresses as the
diver descends, and insulation is reduced
with greater depths, where lower water tem-
perature is usually found. The graph shown
in Figure 3-10 can be used as a guideline for
anticipating the effects of cold water on a
diver’s performance. The data on the graph
reflect the temperature effects on a diver
wearing a 0.25 inch (6.35 mm) thick neoprene
wet suit with hood, booties, and gloves. The
numbers under the temperature readings
reflect the appropriate decrement curve for
listed motor skills. For example, after diving
in 60°F water for 50 min, fine digital manipu-
lation skills would be expected to be reduced
by more than 50% (see Fig. 3-10).

The improvement in wet suit materials has
led to improvements in the wet suit’s insu-
lating value and comfort (see Chapter 13).
Less-compressible but still flexible materials

Figure 3-9. Wet-suited divers ready for a dive. Suit
thickness is based on the degree of thermal protection
needed. (Photograph courtesy of Mark Lonsdale.)

reduce the loss of thermal protection at
depth. More-flexible materials such as Lycra,
used on the inner and outer surfaces of
the wet suit, permit a snug fit that eliminates
internal water pockets that may result in
flushing water through the suit with a result-
ant increase in heat loss. Neoprene rubber
has also been used to develop a dry suit that
fits much like a wet suit but contains seals at
the neck, wrist, and ankles that prevent water
from entering the suit. These suits offer
better thermal protection but usually provide
less mobility for the diver.

Dry suits have become more popular in
recent years because of improvements in fit
and mobility. Comfortable insulating under-
garments, effective valve mechanisms, and
better seals have also been added. Training
in the proper use of dry suits is required.
Newer dry suits are sometimes called shell
suits because they provide a waterproof
outside covering over an inner insulating
garment (Fig. 3-11). These suits provide
considerably improved thermal protection
over the other two types of thermal protec-
tion garments but restrict range of motion
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Figure 3-10. Upper graph shows the percentage
of reduction in performance in cold water. Numbers
to the right indicate the conditions of measurement
described in the lower graph. (See text for
interpretation.)

Figure 3-11. A trilaminate “shell” dry suit that
permits several types of undergarments to be used for
thermal insulation. (Photograph courtesy of Diving
Unlimited International, San Diego.)

and may impose difficulties in buoyancy
control. It is recommended that such suits be
used with an independent buoyancy control
system after the diver has been thoroughly
trained and has become skilled in the opera-
tion of the entire diving system. Using the

shell suit as a buoyancy control system
may result in difficulties with an internal air
bubble, which will move to the portion of
the suit closest to the surface of the water.
Such a bubble can be large enough to cause
serious control problems. Divers must pay
strict attention to controlling suit volume to
avoid loss of mobility while under water.
Specific training and development of ade-
quate levels of strength and endurance to
meet the demands of the environment
should enable the diver to concentrate on
the dive and the tasks involved rather than
on equipment function.

DIVE COMPUTERS

Because decompression tables are based on
predictable mathematical models of physio-
logic parameters, decompression can be
computed with portable dedicated micro-
processor computers. These dive computers
monitor pressure and time; they then provide
information that can guide the diver through a
proper decompression. Divers have many
choices of designs and algorithms with this
technology. These choices are not unlike
those available to the personal computer
owner, who is faced with the fact that devices
that are bought today are likely to be soon
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Figure 3-12. Device used for comparative testing of
dive computers.

outmoded. Device characteristics vary widely,
and many of these computers have far more
functions than most divers need. Dive com-
puters may be independently mounted as
stand-alone devices, or they may be integrated
into consoles with tank pressure, remaining
airtime, and other functions (Fig. 3-12).

The choice of a personal dive computer
should be based on a careful review of func-
tions and specifications. Reading the owner’s
manual should provide a better understand-
ing of the nature of the calculated risks and
the design assumptions that are inherent in
each device. This understanding will mini-
mize, but not guarantee, diver safety. Signi-
ficant databases of comparative information
are available on the Internet and in diving-
related consumer reports.®

Because the dive computer constantly
monitors depth and time, it provides infor-
mation (based on the assumptions made in
its design) that enable the diver to make
immediate informed decisions regarding the
conduct of the dive. Computers are not risk-
free. They are tools that provide the diver
with information but do not guarantee that
following the advice will result in a safe dive.
A review of several manuals for decompres-
sion computers revealed multiple warnings
and 40 to 100 pages of instructions. Warnings
include avoiding decompression dives, car-
rying a set of printed dive tables as a back-
up source for decompression schedules,
and maintaining the prescribed ascent rate.
Other decompression computer manuals
suggest avoiding high-altitude diving without
special training, avoiding air flights for
24 hours after diving or until the computer
indicates it is safe, diving with a partner, and
limiting sport diving to 60 ft. Manuals warn
that the risk of decompression sickness is

increased if the recommended decompres-
sion schedule is ignored.

These examples, which are representa-
tive of statements found in most current
instruction manuals, indicate the concern
and uncertainty associated with the current
trend toward the widespread use of dive
computers. Current dive tables and dive
computers are not perfect, but they have
demonstrated safety and efficacy in millions
of uneventful dives. Responsible divers use
all of the diving safety tools at hand to
minimize the hazards associated with
diving and rarely have problems they
cannot resolve with their tools. Adequate
knowledge and training can result in a real-
istic calculated risk. This “informed con-
sent” is fundamental to the acceptance of
the calculated risks involved in any inher-
ently risky activity. Because there are no
“safe” tables or “safe” dive computers,
every diver must accept some risk when
diving for sport or occupation. Experience
to date with the dive computers is some-
what mixed. The largest single cause of
decompression sickness while using com-
puters appears to be diver error associated
with a lack of understanding of the limita-
tions of the devices. The causes of the prob-
lems associated with the misuse of the dive
computer are probably little different than
those associated with the misuse of printed
dive tables. Carelessness, lack of under-
standing regarding the limitations of the
logic, and failure to recognize personal limi-
tations account for the greatest number of
decompression incidents.

Fundamental advice on the use of dive
computers and tables remains as it has been
since they were developed. Dive computers
are tools that can help divers understand
their dive profiles. Dive computers cannot
guarantee that their use will prevent decom-
pression sickness. Properly used, these
devices should reduce the risk under normal
circumstances.

The proliferation of diving equipment has
complicated the diver’s quest for compara-
tive information, which can be used to make
informed choices. Fortunately, the Internet
has opened information channels that allow
for up-to-date information. Virtually all of
the training agencies, equipment manufac-
turers, dive magazines, and special-interest
groups associated with diving offer informa-
tion and links to issues involving diving
equipment.
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and Bubbles

Decompression sickness (DCS) is a disease
that occurs when the body is exposed to a
decrease in ambient pressure sufficient to
cause dissolved gases to leave solution and
form bubbles. It affects divers, aviators,
astronauts, and compressed-air workers, but
understanding and avoiding DCS consis-
tently have been elusive goals. There have
been various obstacles:

e The disease differs widely in severity,
has no definitive test, and is uncertain in
diagnosis.

e Experimental trials are hazardous and
costly.

e Epidemiologic observations are time-
consuming and difficult to document.

e Detecting bubbles and measuring inert
gases in tissue are challenging.

e Many of those affected by DCS are less
interested in understanding it than in pur-
suing their occupational or recreational
activities.

Nonetheless, steady progress has provided
decompression procedures that have virtually
eliminated death and made paralysis much
less common than at the end of the nineteenth
century.!5 Progress can be expected to con-
tinue as the evidence-based approach that has
been effective elsewhere in medicine is
applied to decompression science.®

The scientific understanding of DCS began
in 1878 with Paul Bert’s observations that
the adverse reactions suffered by animals
and humans after decompression from high
pressure were often associated with bubbles
in blood and tissue.! Bert concluded that
bubbles were the cause of DCS, and DCS
pathophysiology was studied throughout the
latter part of the nineteenth century,® but
there was little work on how to avoid it. Bert
had recommended slow linear ascent at
3 fsw/min, and linear ascent was widely
adopted but without consensus as to the
safest rate: the Royal Navy Diving Manual

Richard D.Vann

specified 5 fsw/min, whereas in Germany,
Heller* recommended 1.5 fsw/min.3 None of
these prescriptions successfully avoided
serious or fatal injury.

In Britain, the government’s official indiffer-
ence to DCS ended in the early twentieth cen-
tury when the submarine A7 sank with the loss
of all hands. The British government recog-
nized that successful submarine development
required diving support and that decom-
pression safety, in particular, needed improve-
ment.” John Scott Haldane, a well-known
respiratory physiologist, had a theory that
offered an alternative to slow linear ascent,
and the Royal Navy agreed to test its validity.

HALDANE
DECOMPRESSION THEORY:
STAGE DECOMPRESSION

Paul Bert’s hypothesis that bubbles caused
DCS was central to Haldane’s theory, and he
argued that DCS would not occur if bubbles
could be avoided.>® Having noted that
caisson workers were free from DCS if they
decompressed to 1 ata from not more than
2 ata, he proposed that decompression
would be bubble-free so long as the differ-
ence between the dissolved nitrogen tension
in tissue and the absolute pressure, the
supersaturation, did not exceed a critical
value. Haldane expressed supersaturation as
the ratio of tissue nitrogen tension to ab-
solute pressure and claimed that bubble-free
decompression was possible as long as the
supersaturation ratio did not exceed 2:1. He
tested this hypothesis by exposing goats to
high pressure followed by immediate decom-
pression to a lower pressure. Within biologic
variability, he convinced himself that decom-
pression was safe from 2 to 1 atm, from 4 to
2 atm, and from 6 to 3 atm (Fig. 4-1).

53
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Figure 4-1. Derivation of Haldane’s 2:1
supersaturation ratio rule. Goats were exposed for

4 hrs at various pressures before ascent to a lower
pressure. Decompression sickness did not occur if the
initial pressure was less than two times the final pressure.

Haldane had been impressed by the strong
effect that dive duration had on DCS risk.
Alexander Lambert, a famous Siebe-Gorman
diver, had safely salvaged £70,000 in gold from
the wreck of the Alfonso during 33 dives at
162 fsw (48.6 msw) with bottom times of
25 min,*8 but on extending his dive to 45 min,
he experienced paralysis from which he never
fully recovered. According to the current U.S.
Navy tables,” Lambert’s 25 min dives needed
30 min of decompression while the 45 min
dive needed 100 min of decompression.

Haldane thought that Lambert’s short
dives were safe because he had absorbed
insufficient nitrogen to exceed the 2:1 super-
saturation ratio at which bubbles would
form. This suggested to him that a diver
would absorb nitrogen progressively while at
depth as the circulation carried dissolved
nitrogen from lungs to tissue, and he rea-
soned theoretically that nitrogen was
absorbed rapidly at the start of a dive but
more slowly as the tissue nitrogen tension
approached the alveolar partial pressure.
When these were equal, the diver was said

Inert Gas Exchange and Bubbles

o 9K
Of &% | |
S 75.5% ! : !
s 60 : I I
S ju—— |
© o,
% 40 90% | Arterial I | welF 'Venous |
X | T i
B blood | | stirred [ 1 plood !
20 | | ! | tissue : :
I
0 | | : :
0 1 2 3 4

Time (tissue half-times)

Figure 4-2. Absorption of nitrogen as a function of
time as measured in tissue half-times. The half-time
defines the rate of nitrogen exchange in well-stirred tissue
(see inset).

to be saturated with nitrogen at his current
pressure.

Because diffusion distances between
tissue capillaries are very small, Haldane
thought that arterial nitrogen would diffuse
into and completely equilibrate with nitro-
gen in tissue and venous blood. Today,
such tissue is described as well-stirred or
perfusion-limited (Fig. 4-2, insef), with effec-
tively instantaneous diffusion of nitrogen
between blood and tissue.!? Blood flow is the
sole determinant of inert gas exchange in a
perfusion-limited tissue. Without formal
mathematics, Haldane showed that perfusion-
limited tissue could be characterized by a
half-time that defined the tissue’s rate of sat-
uration (or desaturation) such that the dif-
ference between the arterial tension and the
tissue (or venous) nitrogen tension was
reduced by half with each passing half-time
(see Fig. 4-2). Thus, a tissue would be 50%
saturated (or desaturated) in one half-time,
75% saturated in two half-times, 87.5% satu-
rated in three half-times, and so on until sat-
uration or desaturation was effectively
complete (98%) after about six half-times.

The Mathematics of Nitrogen Exchange in Perfusion-Limited Tissue.

In describing nitrogen exchange in perfusion-limited tissue, the venous (P N,) and tissues
(P,N,) nitrogen tensions are assumed equal to represent rapid diffusion between closely
spaced capillaries. A mass balance for nitrogen is given by

(NZ)stored = (Nz)in - (Ngout

The mass balance is illustrated in Figure 4-3 in which nitrogen enters with the arterial
blood at a tension equal to the alveolar nitrogen partial pressure (P,N,) and leaves with
the venous blood where o, and o, are the nitrogen solubilities in blood and tissue, Q is
blood flow and V, is the tissue volume. In this example, P N, is assumed to change
instantaneously to a constant value, P, at a time, t, equal to zero.
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The Mathematics of Nitrogen Exchange in Perfusion-Limited Tissue—cont’d.

The rate of change of PN, defines the rate at which nitrogen is stored in the tissue.

Thus,
o, *V,*dP/dt = o, *Q*P N, — o, *Q*P, N,
and dP/dt + k*P, = k*P_ 4D
where k= OLb*Q/OLt*Vt
The solution to Equation 4-1 is
P.(t) = P,*[1 - exp(-k*t)] + P,*exp(-k*t) 4-2)

where P is the initial N, tension and the tissue half-time is
T, = 0.693/k = 0.693/(a,*Q/a,*V,)

P,(t) in Equation 4-2 is the sum of the decay in the initial nitrogen tension and the
response to a step change in P,N, as illustrated in Figure 4-3.

Op Ol Op
Q —— v |——=a
PaN; PN K PN,
Ko QL0693
A =K
Pap-——————-——- A s
Pt Pa*(1— e )
”
//
/
Po PNa(t) = P et + Po*(1 — &™)
Po* ekt

t

well-stirred tissue (see text).

Figure 4-3. The mathematics of nitrogen exchange in a

Haldane postulated that the tissues of the
body have different perfusion rates that he
represented by half-times of 5, 10, 20, 40, and
75 min (Fig. 4-4, insef). Tissues with shorter
half-times saturated (or desaturated) faster
than those with longer half-times (see
Fig. 4-4). The longest tissue half-time deter-
mined the exposure for which the entire
body reached equilibrium (saturated) with
atmospheric nitrogen after a change in
pressure.

The behavior of Haldane’s five-tissue
model is illustrated in Figure 4-5 for a 4 min
dive on air to 168 fsw (50.4 msw), with
descent and ascent at 5 fsw/min.? To simplify
his calculations, Haldane assumed air to be

100% nitrogen. Tissue with a 5 min half-time
is nearly saturated by the end of the bottom
time and begins to desaturate immediately
on ascent. Slower tissues continue to absorb
nitrogen during initial ascent.

These ideas led Haldane to conclude that
the accepted method of slow linear ascent
was both unsafe and unnecessarily long. He
called his alternative method stage decom-
pression in which a rapid initial ascent at
30 fsw/min (9 msw/min) was followed by
increasingly longer stages or stops as the
diver approached the surface. Figure 4-6
compares stage decompression with uniform
ascent at 3.5 fsw/min for a 16 min dive to
168 fsw (50.4 msw). Nitrogen exchange in
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Figure 4-4. Nitrogen exchange in the human body as
defined by Haldane’s five parallel well-stirred tissues
(see insef). Tissue half-times are indicated in minutes.
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168 fsw for 4 min

Time (min)

Figure 4-5. Nitrogen uptake and elimination from
the five Haldane tissues during a 4-min dive to
168 fsw (51.4 msw). Ascent and descent are at 5 fsw/min.

What is the Half-time of the Slowest Tissue in the Body?

If tissues are 98% saturated (equilibrated with alveolar nitrogen) in six half-times, a 5 min
tissue is nearly saturated in 30 min and 75 min tissue is nearly saturated in 7.5 hrs. The
slowest tissue used to calculate the U.S. Navy dive tables was 120 min, and these tables
consider a diver to be “clean” (free of excess nitrogen) at 12 hrs after a previous divell-12,
As 24-48 hrs is believed to be long enough to saturate the body with inert gas during a
saturation dive (Chapter 6), this would imply that the slowest tissue half-times are on the
order of 240-480 min. Thus, Neo-Haldanian decompression theories with tissue half-times
as long as 1,440 min!3 would not appear to represent perfusion-limited inert gas exchange
and may suggest other physiologic mechanisms.

168 fsw for 16 min
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Figure 4-6. Comparison of slow uniform ascent and
stage decompression. The nitrogen tension in the
tissue with the 20-min halftime is higher after uniform
ascent than after stage decompression.

tissue with a 20 min half-time is shown for
both methods of ascent. (The other tissues
are omitted for clarity.) With stage decom-
pression, rapid initial ascent avoids the addi-
tional nitrogen uptake that occurs with slow
linear ascent. The stages were chosen so that

the 2:1 pressure ratio was never exceeded in
any tissue. Stage decompression allowed the
diver to surface with a 2:1 pressure ratio in a
20 min tissue, whereas with linear ascent, the
pressure ratio was 3:1.

Haldane published two tables of stage
decompression schedules.?5 The first was
for short dives as deep as 204 fsw (62.5 msw)
with decompression times of up to 30 min.
This table proved very successful for the
short, deep dives that were typical for the
unpredictable waters of the British Isles and
virtually eliminated DCS, but with experi-
ence, the deeper decompression stages
were judged to be unnecessary. This is illus-
trated in Figure 4-84 for a 40 min dive to
100 fsw (30 msw) with decompression
according to the Haldane and U.S. Navy
schedules.? The first stop of the Haldane
schedule is at 30 fsw (9 msw), whereas
that of the U.S. Navy schedule is at 10 fsw
(3 msw). The total stop times are 15 min for
the U.S. Navy schedule and 30 min for the
Haldane schedule.
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Linear Ascent and Stage Decompression a Century Later.

illustrated in Figure 4-6.

A modern experiment by Broome in 1996 appears consistent with Haldane’s stage
decompression theory'. Broome dived two groups of 20 pigs to 200 fsw (60 msw) for
25 min (Figure 4-7). One group decompressed at a linear ascent rate of 20 fsw/min
(6 msw/min) while the other group ascended in two phases, at 60 fsw/min (18 msw/min)
until reaching 110 fsw (33 msw) and at 12.9 fsw/min (4 msw/min) to the surface. Both
groups reached the surface in 10 min, but with uniform ascent, the DCS incidence was 55%
while with the bi-phasic ascent, the incidence was 25%. The difference was nearly
significant at p=0.053. These results (Figure 4-7) are consistent with the Haldane theory

200

12.9 fsw/min to sea level.

\ 55% DCS
\ in 20 pigs
150 | 60 fpm\‘
2 \
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Q.
25% D 20 fpm
8 50 | in52/00 pl%g \\ P
12.9 fpm A\
0 Il Il Il Il Il
0 5 10 15 20 25 30
Time (min)

Figure 4-7. A comparison of the DCS incidences in
pigs for uniform ascent at 20 fsw/min (fpm) with
biphasic ascent at 60 fsw/min to 110 fsw (33 msw) and
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Figure 4-8. A. A decompression schedule from Haldane’s first table®. Schedules from this table have deeper first
stops and more decompression time than corresponding U.S. Navy schedule®. B. A decompression schedule from
Haldane’s second table. Schedules from this table have deeper first stops but less decompression than corresponding

U.S. Navy schedules.

Haldane’s second table was for dives
with bottom times longer than 1 hour and
with more than 30 min of decompression.
Figure 4-8B shows the Haldane and U.S. Navy
schedules for a 120 min dive at 100 fsw
(30 msw). The first Haldane stop is at 40 fsw

(12 msw), whereas the first U.S. Navy stop is
at 30 fsw (9 msw). The Haldane schedule is
81 min long, whereas the U.S. Navy schedule
is 131 min long. The decompression sche-
dules of Haldane’s second table proved too
short to prevent DCS.
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The Decade of Decompression, 1897-1907: J.S. Haldane and L. Hill.’-'*

Robert Davis, manager of the Siebe Gorman diving company, concluded in a 1898 article,
“...for the man who succeeds in overcoming the difficulties which now present
themselves, there lies at the bottom of the sea a wealth compared with which the
combined forces of our great millionaires are infinitesimal.” Leonard Hill, a young
professor on the rise in London academic medicine, saw that whoever solved the
problems of deep diving would gain the glory of scientific reputation, and he arranged
with Davis to conduct decompression experiments based on Paul Bert’s theory of uniform
decompresssion. Diving suddenly became more than an academic pursuit in 1904,
however, when the submarine, Al, was lost with all hands. In response, the Vickers
armaments company, exclusive manufacturer of submarines for the Navy, bought Siebe
Gorman but kept Davis on as Managing Director. As diving grew in national importance,
Davis and Hill, both egomaniacs, feuded publicly in The London Times over the primacy of
their ideas. The spat alerted John Scott Haldane and motivated his concept of stage
decompression, but rather than The London Times, Haldane took his proposal to the
Admiralty. The Admiralty was surely influenced by Haldane’s considerable scientific
reputation, but his older brother, Richard, soon to become Minister of War, may have
played a less obvious role. Davis recognized the merit of Haldane’s ideas as well as his
political connections, and Siebe Gorman supported his research. Haldane’s well-financed
and organized program was galling to Leonard Hill, and he did his best to interfere, leading
Haldane to test uniform decompression before his own stage decompression. After a few
days and several dead goats, Hill’s theory was demolished, and he went away seething. He
and Haldane were to lock horns many times over the next 30 years.

Haldane and Hill lived in the golden Edwardian era when British economic and military
power, not to mention self-esteem, were at a peak, and good ideas were encouraged to
reach fruition. Although Hill was proved wrong about uniform decompression at the time,
his strongly held belief has since been shown appropriate for saturation diving, and his
concept of a submersible decompression chamber that he and Davis had wrangled over,
was prophetic. Born into a tradition of leadership within the Scottish aristocracy and the
world’s greatest expert of his day on breathing, Haldane also was not without limitations.
On an expedition to Pike’s Peak in Colorado in 1911, he demonstrated the role of hypoxia
in ventilatory control and showed that acclimatization to high altitude represented the
body’s defense of its oxygen level. But he had also convinced himself that acclimatization
to high altitude led the lungs to actively “secrete” oxygen from alveolar air into the blood,
and he was undeterred by mounting evidence to the contrary. This firmness of mind
ultimately cost him the sought-after Professorship of Physiology at Oxford and excluded
him from research into poison gases during the war of 1914-1918.

Why did Haldane adhere so tenaciously to the idea of oxygen secretion in the face of so
much contrary evidence? Perhaps his strong self-confidence and habit of being right
overcame his good judgment. History often rewards hubris with disappointment.

DIFFUSION BETWEEN
BLOOD AND TISSUE

The primary factor controlling the exchange
of dissolved inert gas between blood and
tissue is blood flow, but the effects of diffusion
can slow down inert gas exchange in tissue.
These effects include diffusion between hete-
rogeneous regions of tissue, within capillary
domains, or between adjacent arterial and ve-
nous vessels. Inert gas tension gradients and
diffusion between adjacent regions of tissue
may occur in tissues of heterogeneous solubi-
lity or perfusion.!617 Simulations indicate that

gradients can develop between 1 cm thick tis-
sue regions when regional blood flow differ-
ences exceed 3:1.1%8 Diffusion between
heterogeneous tissue regions was a possible
explanation for the continued absorption of a
nitrogen isotope by the human knee after the
isotope source had been removed from the
inspired gas.!?

Gases diffuse between blood and tissue
within capillary domains. Blood in adjacent ca-
pillaries may flow in the same direction (con-
current) or in opposite directions (counter-
current). Diffusion distances are small in most
tissues, 02! and diffusivities are reasonably



large.?223 For concurrent capillary flow with
accepted diffusivities and diffusion distances
in vascular tissues, calculations indicate that
diffusion is rapid and inert gas concentration
gradients are minimal.!%24-30 Diffusion might be
more important in tissues such as bone, arti-
cular cartilage,® and the eye,*? where diffusion
distances are on the order of millimeters.

With countercurrent flow in adjacent capil-
laries or between arterial and venous vessels,
diffusion effects are more complex and the
interpretation of inert gas exchange measure-
ments is less certain.’® Gas molecules in ve-
nous vessels can diffuse into adjacent arterial
vessels and be retained in tissue, 337 an effect
that is more pronounced for rapidly diffusing
gases.?839 Novotny and colleagues found that
when inert gas exchange and blood flow
distribution to muscle were measured simul-
taneously, gas exchange was slower than pre-
dicted on the basis of the measured flow
distribution.?0 The retention of gas in tissue
by countercurrent diffusion was a possible ex-
planation for this observation and might be
one reason that tissue half-times in decom-
pression models are longer than would be
expected on the basis of physiologically rea-
sonable blood flow.

DECOMPRESSION
THEORIES BASED ON
SUPERSATURATION

The tissue half-times and pressure reduction
ratios of Haldane’s original model evolved
with experience and a search for safe and
efficient decompression.*! Some of these
changes are summarized in Figure 4-9. The
tissue half-times are shown on the x-axis
and the corresponding pressure ratios on the
y-axis. Haldane’s original 2:1 supersaturation
ratio in five tissues with 5 to 75 min half-times
appears as a straight line. As a result of human
decompression trials for submarine escape,
later workers concluded that higher ratios
could be tolerated in the tissues with 5-, 10-,
and 20-min half-times but lower ratios were
needed in the tissues with 40 and 75 min half-
times.*2 The higher ratios in the faster tissues
eliminated the deeper stops and reduced the
total stop time for short dives. For long dives,
a 120 min half-time tissue was added to
provide additional decompression time. Such
changes eventually led to the present U.S.
Navy schedules shown in Figure 4-8.
Haldane’s supersaturation ratio was a
measure of the supersaturated nitrogen that

Chapter 4

Inert Gas Exchange and Bubbles 59

<
o 4 Modified Haldane tissues
©
c
il
AN
=
o Original Haldane tissues
o 20—===0====-O
Q.
3
()
1 l l l l J
5 10 20 40 75 120

Tissue half-time (min)

Figure 4-9. Allowable pressure ratios for the original
and modified Haldane tissues*!.

could be tolerated without bubble formation
after ascent to the surface or next decom-
pression stop. Haldane had treated air as
100% nitrogen, but later workers redefined
Haldane’s supersaturation ratio as the ratio
of the nitrogen tension at the present depth
to the ambient pressure at next shallower
stop. This made it possible to use nitrogen-
oxygen mixtures other than air. The M-value
is an equivalent measure of supersaturation
that defines the nitrogen tension (measured
in fsw) from which it was safe to ascend to
the next shallower decompression stop.
M-values allow the tissue ratio to change
with depth and introduce additional flexibil-
ity. The Haldane tissue ratio, the tissue ratio,
and the M-value are equivalent measures of
the ascent criteria that ostensibly define
bubble-free decompression. Their definitions
and equivalent values are illustrated in
Table 4-1 for the tissue half-times used in the
decompression model for the U.S. Navy
decompression tables.? Table 4-2 shows a
table of M-values for decompression diving.

A Haldane decompression model with
M-value ascent criteria was adopted for use
in 1983 by the first commercially successful
digital dive computer, the Orca EDGE, that
tracked a diver’s decompression obligation
in real time.#* The EDGE had a display
(Fig. 4-104) that showed the M-values in
each of 12 theoretical tissue compartments
with half-times ranging from 5 to 480 min.
Figures 4-10B and C show how the theoretical
nitrogen tensions in the tissue compartments
absorb and eliminate inert gas during a dive.

Tissue ratios and M-values were not the
only modifications to the Haldane decompres-
sion model. Hempleman replaced Haldane’s
series of perfusion-limited tissues with a
single slab of avascular tissue (suggesting
cartilage) into which nitrogen diffused from
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Table 4-1. Definitions and examples of safe-ascent criteria based on supersaturation*

Tissue Half-Time (min)

5 10 20 40 80 120
Haldane ratio = P,/(0.79 x Py) 4 3.4 2.75 2.22 2 2
Tissue ratio = Py,/P, 3.15 2.67 2.18 1.76 1.58 1.55
M-value (fsw) = ratio x (D, + 33 fsw) 104 88 72 58 52 51

*The M-value shown is for ascent directly to the surface from depth. See text for further discussion.

Table 4-2. M-values for ascent in increments of 10 fsw

Safe Ascent
Depth (fsw) M-Values:Tissue Half-Time (min)
5 10 20 40 80 120 160 200 240
0 104 88 68 46 38 35 34 34 33
10 120 98 78 56 48 45 44 44 43
20 130 108 88 66 58 55 54 54 53
30 140 118 98 76 68 65 64 64 63
40 150 128 108 86 78 75 74 74 73
50 160 138 118 96 88 85 84 84 83

Figure 4-10. A. The Orca EDGE (Electronic Dive Guide
Experience), the first commercially successful digital
dive computer. The display of the EDGE had a bar graph
that represented the computed nitrogen tension (in fsw)
in each of 12 Haldane tissues.

Figures continued on next page A
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Figure 4-10—cont’d. B. The EDGE display during a dive to 90 fsw (27 msw). C. The display after ascent to 30 fsw

(9 msw).

Blood

PaN2

Figure 4-11. A. The decompression
model developed by Hempleman** and
used to compute the British Navy air
decompression tables*. Nitrogen
diffuses from the arterial blood into a
slab of avascular tissue. Time, t,,
indicates the nitrogen gradient as gas
diffuses into the tissue during a dive.
Time, t,, indicates the nitrogen
gradient after decompression. B. The

PiN2
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decompression model developed by

Kidd and Stubbs?’ for a pneumatic dive
computer but implemented

| mathematically by Nishi‘® for a digital

PaNZ

computer and used to compute the
DCIEM air decompression tables®,

(PtN2) (PtN2)2 (PtN2)3

(P¢No)4 Nitrogen in the arterial blood diffuses

between a series of well-stirred tissue

compartments.

arterial blood on one face.®® Figure 4-11A
shows the nitrogen tension in this tissue slab
after a time t, at depth during which a nitro-
gen gradient has developed in tissue. After
decompression at time t, (see Fig. 4-11A4),
nitrogen nearest the blood has diffused out of
tissue while nitrogen deeper in the tissue
remains elevated. The British Navy Air
Decompression Tables® were based on
Hempleman’s diffusion model, in which the
ascent criteria were defined by the difference
of the maximum nitrogen tissue tension and
the barometric pressure.*6

Another approach to inert gas exchange
introduced by Kidd and Stubbs (see
Fig. 4-11B) transferred arterial nitrogen
through well-stirred tissue compartments

connected in series by diffusion barriers with
ascent determined by the tissue compartment
having the greatest supersaturation.*’ This
configuration, which could be viewed as a
mathematically simpler representation of
diffusion in Hempleman’s tissue slab (see
Fig. 4-11A), was first implemented as a
pneumatic analog computer and tested in
human trials. A later version solved the
applicable equations numerically and be-
came the basis of the well-regarded Canadian
Defense and Civil Institute of Environmental
Medicine (DCIEM) decompression tables.4849

This discussion of decompression models
was not comprehensive and was meant only
to illustrate that many approaches to inert
gas exchange and ascent criteria have been
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successful in preventing catastrophic DCS
that was so common before Haldane’s pio-
neering work of a century ago. Tikuisis and
Gerth should be consulted for a more com-
plete review of decompression theory®!.
Success in improving decompression safety
and the dictum “what works, works” are of
obvious practical importance,® but success
is by no means sufficient to prove a model is
based on valid theory. Very different decom-
pression models can produce relatively
safe decompression schedules for which a
variety of physical, physiologic, and patho-
physiologic mechanisms can be postulated.
The challenge is to design experiments that
are capable of discovering the relevant
mechanisms. Knowledge of these mecha-
nisms should help to make decompression
procedures even safer and more efficient.

THE OXYGEN WINDOW

The discussion so far has assumed that inert
gases remain dissolved in tissue until a
critical level of supersaturation is exceeded
and bubbles form. The nature of inert gas
exchange changes when bubbles are pres-
ent, however, and oxygen metabolism and
diffusion become as important as perfusion.
Haldane pointed out that in vivo bubbles are
absorbed because their nitrogen partial
pressure is greater than the nitrogen partial
pressure in the lungs.52 This difference is the
driving force for the elimination of bubbles
and has been called the partial pressure
vacancy,” the inherent unsaturation,>* and the
oxygen window.>>* The oxygen window is a
consequence of the metabolic conversion of
oxygen into carbon dioxide and to the non-
linear nature of the oxyhemoglobin dissocia-
tion curve.

Inert Gas Exchange and Bubbles

Metabolism exchanges a relatively insolu-
ble gas, oxygen, for carbon dioxide, which is
some 21 times more soluble. This exchange
is illustrated in Table 4-3 for a diver equili-
brated with air at sea level. The sum of the
alveolar partial pressures is 760 mm Hg
(1 ata) by Dalton’s law of partial pressures,
while the total arterial gas tension is slightly
less because of inequalities of ventilation/
perfusion ratio.”” The alveolar, arterial, and
venous nitrogen tensions are equal because
the diver’s body is equilibrated with air. The
arterial oxygen tension falls from 95 mm Hg
(0.125 atm) to a venous level of 40 mm Hg
(0.053 atm); the arterial carbon dioxide
tension rises from 40 mm Hg (0.053 atm) to a
venous level of 45 mm Hg (0.059 atm). The
total gas tension in venous blood is 701 mm
Hg (0.922 atm), or 59 mm Hg (0.078 atm) less
than the absolute pressure. This difference
in gas tension is the oxygen window.

Figure 4-12 illustrates how bubble forma-
tion affects the levels of nitrogen, oxygen,
and carbon dioxide. Figure 4-12A represents
the gases listed in Table 4-3 for an air-
equilibrated diver at sea level. If the diver
descends to 60 fsw (18 msw; 2.82 ata; see
Fig. 4-12B), the alveolar oxygen and nitrogen
partial pressures increase but the tissue
nitrogen tension remains unchanged until
the circulation transports nitrogen from
the lungs. The tissue oxygen tension is
metabolically controlled to a relatively con-
stant level depending on the local metabolic
rate, as discussed later. After 2 hours at
60 fsw (Fig. 4-12C), the 20 min tissue is
nearly saturated with nitrogen.

When the diver ascends to sea level and a
bubble forms (Fig. 4-12D), several important
things happen. During a short interval,
metabolism and diffusion return the partial
pressures of oxygen and carbon dioxide in

Table 4-3. Alveolar partial pressures and arterial
and venous gas tensions of carbon dioxide, oxygen,
water, and nitrogen at 1 ata

Partial Pressure or Tension (mm Hg)

Alveolar Arterial Venous
Carbon dioxide 40 40 45
Oxygen 104 95 40
Water vapor 46 46 46
Nitrogen 570 570 570

Total 760 751 701
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the bubble to their tissue levels. Because the
bubble obeys Dalton’s law, the sum of all gas
tensions in the bubble equals the absolute
pressure of 1 ata. (Surface tension and tissue
elasticity may increase the pressure in the
bubble but are omitted in Figure 4-12 for
clarity.) Consequently, the partial pressure of
nitrogen in the bubble is greater than the
nitrogen tension in tissue, which remains ele-
vated after the dive.

The excess nitrogen in tissue can leave by
two pathways: by perfusion and removal to
the lungs in dissolved form or by diffusion
into the bubble causing bubble growth.
Eventually (Fig. 4-12F"), all excess tissue nitro-
gen is transported to the lungs or has diffused
into the bubble, and the nitrogen level in the
bubble is greater than in the blood, causing
nitrogen to diffuse slowly back into tissue
from where it is removed by the circulation.
The oxygen window, the difference between
the nitrogen partial pressures in the bubble
and lung, is small in this situation.

If the bubble should cause DCS symptoms
at sea level (Fig. 4-12F), the diver is given
100% oxygen to breathe and there is a large
increase in the oxygen window, which means
the bubble resolves more rapidly than
during air breathing. Therapeutic recom-
pression to 60 fsw (18 msw; 2.82 ata) on air
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(Fig. 4-12G) compresses the bubble to 37%
of its initial volume and raises its nitrogen
partial pressure in accordance with Dalton’s
law after readjustment of the metabolic
gases to tissue levels. Initially, a large nitro-
gen gradient between the bubble and tissue
causes the bubble to shrink rapidly, but with
time, nitrogen is carried to tissue by the cir-
culation and the rate of bubble resolution
decreases. This is why divers with DCS are
given 100% oxygen to breathe at 60 fsw
(Fig. 4-12H). The oxygen window is maxi-
mized by recompression on 100% oxygen.
Nitrogen elimination from tissue increases,
and the bubble resolves rapidly by direct
removal of nitrogen from bubble to tissue to
lungs. This is the physiologic rationale for
using oxygen and pressure to treat bubbles
that cause DCS. Oxygen has additional bene-
ficial effects on physical or biochemical
damage caused by the bubbles.

Figure 4-12 assumed that the tissue oxygen
tension and oxygen partial pressure in the
bubble remained constant at all levels of
inspired oxygen (Plo,). This is not always
true. At high Plo,, the metabolic requirements
of tissue may be met entirely by dissolved
oxygen and the venous oxygen tension will
rise. This is illustrated on the hemoglobin
dissociation curve in Figure 4-13 with data

3
O Oxygen
H Carbon dioxide
O Water vapor
B Nitrogen
2 T | Y L

Pressure (atm)
uoisnyiad
Perfusion
uoisnyid

(A) (B) (C) (D) (E)
Air at Airat 60 fsw Ascent Air at
sea 60 for to sea sea
level fsw 2 hrs level level

Figure 4-12. The effects of metabolism and pressure on gases in the body and on bubble absorption (see discussion

in text).
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Figure 4-13. The total blood oxygen content in
vol% (ml/0,/100 ml blood) as a function of blood
oxygen tension.” Total content is the physically
dissolved oxygen plus the oxygen chemically bound to
hemoglobin. The points marked A,, A,, A;, and V,, V,, V,
are approximate arterial and venous oxygen tensions
during air breathing at sea level, during air breathing
at 3.5 ata, and during oxygen breathing at 3.5 ata. The
oxygen extraction from blood is taken as 5 vol%.

collected by Lambertsen and coworkers.?
Under normal conditions, blood transports
most of its oxygen bound chemically to hemo-
globin, and only a small fraction is dissolved.
Hemoglobin is nearly 100% saturated with
oxygen in the arterial blood of a diver breath-
ing air at sea level (point A)). As the arterial
blood passes through tissue, 5 vol% of oxygen
are removed and converted to carbon dio-
xide. This causes the venous oxygen tension
(point V) to fall to 46 mm Hg (0.061 atm).
Now consider divers breathing air at
3.5 ata (83 fsw; 24.9 msw). Their alveolar
oxygen partial pressure is 504 mm Hg
(0.663 atm), but the arterial tension (point
A,) is only about 450 mm Hg (0.592 atm) as a
result of ventilation-perfusion inequalities.>8
When 5 vol% of oxygen are extracted by
tissue, the venous tension (point V,) falls to
53 mm Hg (0.070 atm). If divers switch to
100% oxygen at 3.5 ata, their alveolar partial
pressure rises to 2570 mm Hg (3.38 atm) but
ventilation-perfusion inequalities reduce the
oxygen tension in the arterial blood (point
A,) to approximately 2000 mm Hg (2.63 atm).
The venous oxygen tension (point V,),
however, rises to 380 mm Hg (0.5 atm), far
above the previous venous values. This
abnormally high venous oxygen tension
occurs because the metabolic requirements
of tissue are met entirely by dissolved
oxygen. The venous hemoglobin remains
saturated and on the flat rather than on the
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Figure 4-14. The effect of oxygen extraction on
venous oxygen tension (P 0,) as a function of arterial
oxygen tension (P,0,)3° At higher oxygen extractions,
P O, remains relatively constant as Pao, rises. In
tissues with lower extraction, P O, rises steeply at
high P,0,. This increase begins sooner at lower
extractions.

steep part of the hemoglobin dissociation
curve. The extra oxygen in venous blood and
tissue participates in bubble formation and
growth just as does inert gas.

Figure 4-13 assumed that tissues extract
5 vol% of oxygen from the arterial blood. In
actuality, tissue oxygen extraction ranges
from 1.3 to 10 vol%, depending on perfusion
and metabolic rate.®0 The effect of oxygen
extraction on venous oxygen tension as a
function of arterial oxygen tension is shown
in Figure 4-14. The lowest curve, for an
extraction of 6 vol%, shows that the venous
tension rises gradually at arterial tensions of
up to 2000 mm Hg (2.632 atm). For extrac-
tions of 5 vol% and less, the venous tension
increases steeply. At the lowest extractions,
the venous oxygen tension can contribute
more than 760 mm Hg (1 atm) to the dis-
solved gas tension.

In experiments with subcutaneous gas
pockets in rats, Van Liew5! demonstrated that

Oxygen window (O,W) = P,0,-P,0, +
P,co,—-Pco, “4-1

where the letters A and b refer to the alveolar
and bubble partial pressures, and the three
terms on the right side of equation are essen-
tially constant at low inspired oxygen partial
pressures (P0,). If P,0, and P, co, are approx-
imated by their venous values from Table 4-3

and
P,0, = Pjo,-P,co,—PH,0 (4-2)

then
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Figure 4-15. The oxygen window as a function of
inspired oxygen partial pressure. The values from
Momsen®? are predictions, while the values from Hills5?
and Hills and LeMessurier> are measurements. The
oxygen window in tissue does not increase
indefinitely but reaches a maximum value, which is
determined by the arteriovenous oxygen extraction.
(Redrawn from Van Liew.t")

Oxygen window = PO,-0.172 atm (4-3)

The venous oxygen tension does not
remain constant, however, but rises as illus-
trated in Figure 4-14. As a result, the oxygen
window reaches a plateau that is determined
by the oxygen extraction of the tissue.
Figure 4-15 shows the effect of oxygen
extraction on the oxygen window according
to estimates by Van Liew®! with independent
estimates by Momsen® as well as measure-
ments in rabbits by Hills and LeMessurier.>
Skin, for example, has an oxygen extraction
of about 2.5 vol%,% and the oxygen window
reaches its maximum value at a PO, of about
1.3 atm. In most tissues, the oxygen extrac-
tion is 5 vol% or greater, so the oxygen
window would not appear to achieve its
maximum plateau until a PO, of about 3 atm.

OXYGEN BENDS

Increased tissue oxygen tension contributes
to supersaturation, limits the oxygen window,
and might raise DCS risk. Weathersby and
colleagues tested this hypothesis with
oxygen partial pressures of 0.21 atm and

Chapter 4

Inert Gas Exchange and Bubbles 65

1.3 atm after human dives with the same
nitrogen partial pressures but found no
significant difference in DCS.%3 In experi-
ments with goats, Donald compared oxygen
partial pressures of 0.53 atm and 3.53 atm in
similar experiments and saw no DCS at
0.53 atm but serious symptoms in six of
seven animals at 3.53 atm.%* Donald called
this effect oxygen bends to indicate that
oxygen can cause DCS at a partial pressure of
3.53 atm. These limited data are consistent
with the conclusion that a Plo, of up to
1.3 atm will not increase DCS risk but a Plo,
of 3.53 atm will do so. If humans and goats
are similar, Figure 4-15 suggests that the
relevant tissues for DCS have an oxygen
extraction of between 3 and 5 vol%.

EFFECTS OF BUBBLES
ON INERT GAS
EXCHANGE

Bubbles reduce the rate at which nitrogen is
eliminated from tissue because nitrogen in a
bubble must diffuse back into tissue before it
can be transported by the circulation to the
lungs (see Fig. 4-12F). Thus, the elimination
of nitrogen from a bubble is slower than the
elimination of nitrogen dissolved in tissue.
This has been demonstrated in both
animal-%7 and human studies.%-70

Most decompression models assume that
bubbles do not form, but when bubbles are
present, diffusion between bubble and tissue
cannot be ignored. Diffusion is a simple
physical process but difficult to describe
mathematically. Figure 4-16 is a schematic
representation of diffusion from a bubble
filled with either oxygen, nitrogen, or helium
into an adjacent perfusion-limited tissue.”
Because oxygen is metabolized in tissue, its
tension falls rapidly with increasing distance
from the bubble. Helium and nitrogen, on the
other hand, are metabolically inert and are
removed only by perfusion, so their concen-
tration gradients extend deeper into tissue.
Helium penetrates further into tissue than
nitrogen does because its diffusivity is
greater.

The diffusion process is often simplified to
make it more manageable mathematically.
Figure 4-17 shows three representations
of diffusion in decreasing order of complex-
ity. Figure 4-17A illustrates the situation
depicted in Figure 4-16 in which diffusion is
a continuous process throughout tissue.
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Figure 4-16. Tissue tension gradients around a gas
cavity (redrawn from Hlastala™). The oxygen gradient
is steepest because oxygen is removed both by the
circulation and by tissue metabolism, whereas nitrogen
and helium are removed only by the circulation. The
helium gradient extends further into tissue than the
nitrogen gradient because helium diffuses faster than
nitrogen.

Diffusion into and out of the bubble is repre-
sented by curvilinear concentration gradi-
ents indicating bubble growth or resolution.
The difference between the inert gas partial
pressure in the bubble and the dissolved
inert gas tension in tissue is a consequence
of the oxygen window.

In Figure 4-17B, the entire tissue region
around the bubble is considered to be well-
stirred, and all diffusion resistance is con-
centrated in a barrier around the bubble.
This is the basis of Gernhardt’s decom-
pression algorithm and commercial diving
decompression schedules.?7

A further mathematical simplification in
Figure 4-17C omits the diffusion barrier
around the bubble such that the inert gas
partial pressure in the bubble and the dis-
solved inert gas tension in tissue are equal.
Hills offered the first analysis of this
problem,%? which was later refined by
Hennessy and Hempleman.™ In this circum-
stance of diffusion equilibrium between
bubble and tissue, when a nitrogen molecule
enters tissue from the arterial blood, another
molecule moves from the tissue to the
bubble. The reverse is also true, and the
bubble shrinks by one molecule when there
is a net loss of one inert gas molecule from
tissue to venous blood.
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Figure 4-17. Representations of diffusion for
mathematical modeling. (4) Bulk diffusion through
tissue as in Figure 4-16. (B) All diffusion resistance at
a barrier around the bubble. (C) No diffusion
resistance and the tissue and bubble are in equilibrium.

As illustrated in Figure 4-18A, suppose a
bubble forms in a diffusion-equilibrium
tissue (see Fig. 4-17C) upon decompression
from 60 fsw (18 msw; 2.8 ata) to sea level
(1 ata). Because the bubble and tissue are
in diffusion equilibrium, all supersaturated
nitrogen dissolved in tissue immediately
diffuses into the bubble. Figure 4-18B
shows how the nitrogen tension in tissue
changes with time when a diffusion-equili-
brium bubble is (or is not) present. If no
bubble forms, nitrogen uptake and elimi-
nation follow the exponential kinetics
expected of a well-stirred tissue, but the
presence of a bubble causes the tissue nitro-
gen tension to fall to a level defined by the
oxygen window (equation 4-3) and to remain
constant as long as the bubble is present.
Although the nitrogen tension in tissue and
the partial pressure in the bubble are equal
and constant, perfusion removes nitrogen
from tissue and the bubble volume resolves
at a linear rate (Fig. 4-18C). When the
bubble is gone, nitrogen kinetics revert to an
exponential function. Vann described the
mathematics of inert gas exchange in a
diffusion-equilibrium bubble.”™

Diffusion-equilibrium bubbles are the
basis of Thalmann’s exponential-linear (E-L)
decompression model.””" The nitrogen
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Figure 4-18. Nitrogen exchange in response to bubble formation in a diffusion equilibrium tissue after
decompression from 60 fsw (18 msw; 2.82 ata) to sea level. A. Formation of a diffusion equilibrium bubble
upon decompression. B. While a diffusion equilibrium bubble is present, the tissue nitrogen tension remains constant
and equal to the nitrogen partial pressure in the bubble. C. The bubble volume decreases linearly until it dissolves.
D. The exponential-linear (“E-L”) model in which the bubble is replaced by an “equivalent” dissolved gas tension
that washes out at a linear rate so long as a bubble is present.”®’” When the bubble dissolves, washout

becomes exponential.

kinetics of the E-L. model are illustrated in
Figure 4-18D. The E-L model uses a conven-
tional M-value matrix as in Table 4-1 (called
V-value to indicate E-L kinetics) that allows
critical levels of supersaturation to exist in
the tissues. (This excess supersaturation
might be interpreted as surface tension and
tissue elasticity.) When a critical supersatu-
ration is exceeded, however, the nitrogen
exchange kinetics change from exponential
to linear, which is equivalent to the
supposition that a bubble has formed in
that tissue. After the supersaturation has
resolved, the kinetics return to exponential,

which is equivalent to the supposition that
the bubble has dissolved. The effect of
bubble formation is to reduce the rate at
which nitrogen is eliminated from tissue as
indicated earlier. The E-L. model provided a
biophysical explanation for the asymmetry
between nitrogen uptake and elimination
that others had observed experimentally
and was the basis for the U.S. Navy
0.7 atm oxygen partial pressure nitrogen-
oxygen and helium-oxygen decompression
tables.”®”™ The E-L model has been imple-
mented in the recently approved U.S. Navy
dive computer.8°
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Return of the Deep Stop.

For air diving, a deep decompression stop might be defined as a first stop that is deeper than
for a corresponding dive on the U.S. Navy tables?, the de facto air diving standard. The deep
decompression stops of the Haldane tables (Figure 4-8) went out of fashion as
decompression theory evolved* but never disappeared entirely, and deep stops have
returned with anecdotal reports of their effectiveness for Australian pearl divers® and for
sport and technical divers.598283 Hills’ theory of “zero supersaturation” provided an
explanation for the beneficial effect of deep stops: supersaturation caused immediate
bubble formation, which could be avoided by deep decompression stops.8! Controlling the
formation and growth of bubbles has been the rationale of modern decompression
models™ 738486 that tend to have deeper decompression stops than the U.S. Navy tables.
After helium-oxygen diving, Momsen®> and Cabarrou®” reported that unexpectedly deep
decompression stops were required to limit DCS risk. According to Momsen, deep stops
accommodated the “initial out-rush” of helium that was exchanged more rapidly than
nitrogen (Figure 7-16).88 Haldanian decompression models, that are based on dissolved inert
gas exchange, provide deep stops if low supersaturation ratios are used in the fast tissues
(Figure 4-8), but deeper stops also cause slower tissues to absorb additional inert gas
(Figures 4-6 and 4-7) and, theoretically, prolong the shallower stages. Bubble models, on the
other hand, purport to require less shallow decompression because deeper stops avoid
bubbles that become problematic at shallow depths. Resolution of this question awaits a
better understanding of inert gas exchange, and proof of the effectiveness of deep
decompression stops awaits the collection of reliable depth-time and medical outcome data.

PHYSICS OF BUBBLE
FORMATION AND
STABILITY

A bubble is a volume of undissolved gas irre-
spective of shape. The tendency for bubbles
to form increases with the supersaturation,
the difference between the absolute pressure
and the sum of the dissolved gas tensions
plus the water vapor pressure (equation 4-4).

Supersaturation = (PO, + PCO, + PH,0O +
PN, + PH, +....) = P, (4-4)

Equation 4-4 indicates that supersatura-
tion can result from:

e Excess dissolved gas and water vapor

(Pyp0)
¢ Areduction in local pressure (P;)

If no dissolved gas is present, very pure
water will not form (water vapor) bubbles
until P is reduced to about —1400 atm.® This
is known as de novo (“from nothing”) bubble
formation and represents the tensile strength
of water. When dissolved helium is present,
pure water can withstand a supersaturation of
only 240 atm, and with dissolved nitrogen, the
supersaturation threshold is only 120 atm.* In
most aqueous solutions, bubble formation
occurs at less than several atmospheres of
gaseous supersaturation. Harvey proposed
that bubble formation at low supersaturations

indicated the presence of preexisting gas
cavities called gas nuclei.”!

Decreases in the local absolute pressure
(Pp) have a number of mechanical causes.
One mechanism involves a flowing liquid
that accelerates upon entering a constriction
or passing an obstruction. The resulting
bubble formation is known as Reynolds or
Bernoulli cavitation.®? In another hydrody-
namic mechanism, closely opposed surfaces
are pulled apart in a viscous liquid. Viscosity
retards the flow of liquid into the widening
gap and decreases the pressure between the
surfaces causing them to stick together by
viscous adhesion. (This is why tape sticks to
surfaces.) The resulting supersaturation can
exceed 1000 atm,” leading to bubble forma-
tion in a process known as fribonucleation.**
Figure 4-19 shows tribonucleation between
two rapidly separating surfaces.®

Spherical bubbles are inherently unstable
and have short lifetimes because surface
tension () raises the internal pressure in the
bubble (P,) as described by LaPlace’s law
(equation 4-5; Fig. 4-204).

P =P, +2x7/r (4-5)

If the surrounding liquid is in diffusion equi-
librium with the ambient atmosphere, the
bubble pressure exceeds the dissolved gas
tension and the bubble shrinks because of
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Figure 4-19. In vitro bubble formation due to tribonucleation®. Before tribonucleation, two surfaces separated
by a viscous liquid are pressed close together. When the surfaces are pulled rapidly apart, a large negative
pressure develops between them causing the liquid to fracture into vaporous bubbles.
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Figure 4-20. A. As defined by Laplace’s law (equation 4.5), the surface tension at a convex gas-liquid interface
causes a spherical bubble to dissolve by the outward diffusion of gas. B. Surface tension and diffusion are reduced
by surface-active molecules at the gas-liquid interface (equation 4.6). This stabilizes the bubble and increases its
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outward diffusion of gas. Because the excess
pressure due to surface tension increases with
decreasing radius (equation 4-5), the bubble
shrinks at an ever-increasing rate until finally
dissolving. Adding surfactant to the water re-
duces the effect of surface tension (equation
4-6) by an amount known as the surface pres-
sure (m), a characteristic of each surfactant
(Fig. 4-20B). The surface tension of pure water
is 72 dynes/cm at 37°C. The surface pressures
of common surfactants are on the order of 35
to 40 dynes/cm? but can be large enough to
reduce the effect of surface tension to less
than 5 dynes/cm for pulmonary surfactant.?

Poubble = Pp + 2(y = m)/r (4-6)

Bubbles can act as gas nuclei, but their
lifetimes are relatively short unless they are

gas pressure in the bubble; P,, absolute pressure; v, surface tension; m, surface pressure; r, bubble

stabilized against the effects of surface
tension. Harvey proposed that in vitro gas
nuclei would be stabilized against the dis-
solving pressure of surface tension in
hydrophobic crevices,? but no such crevices
have been identified in vivo. Yount suggested
that the surface pressure of surfactants
might stabilize spherical bubbles by coun-
teracting surface tension as in Figure
4-20B,%%99 but no such surfactants have been
identified. Moreover, bubble formation
experiments that varied the surfactant con-
centration found results contrary to this
theory.100

Epstein and Plesset derived equations for
calculating the solution time of spherical
bubbles as a function of surface tension and
dissolved gas partial pressure.l”! Table 4-4
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Table 4-4. Lifetimes of spherical bubbles as a function
of diameter, surface tension (y, dyne/cm), and the oxygen
window according to the model of Epstein and Plesset!0!

o,w
O,W = 0.0 atm
u mm v=0 v="172
10 0.01 ) 5s
50 0.05 oo 1m
100 0.1 ) 23 m
250 0.25 oo 5h
500 0.5 ) 40 h
1000 1 oo 322 h

Bubble Lifetime (s, m, h)

O,W = 0.08 atm O,W = 0.83 atm
v=0 y="72 vy=0 y=72
6s ls ls 0s
2m 1m 14s 13s
10 m 6 m 1m 1m
1h 1h 6 m 6 m
4h 4h 23 m 23 m
16 h 15h 92 m 91 m

0,W, oxygen window.

shows the estimated lifetimes for bubbles

with diameters of 10 to 1000 um (columns

1 and 2) for pure water (y = 72 dynes/cm)

and for water in which a hypothetical surfac-

tant has eliminated the effect of surface

tension (y - & = 0). The Epstein-Plesset equa-

tions were solved for dissolved gas tensions

representing:

¢ In vitro bubbles in equilibrium with a 1 ata
environment

e An air-breathing animal at 1 ata

e An oxygen-breathing animal at 1 ata after
elimination of all tissue nitrogen

As indicated by Figure 4-12, the oxygen
window provides the driving force for elimi-
nating bubbles from tissue, and the magni-
tude of the oxygen window depends on the
oxygen partial pressure in the inspired gas.
For in vitro bubbles, the dissolved gas
tension was equivalent to an oxygen window
(O,W) of 0.0 atm. During air breathing (see
Fig. 4-12F"), the dissolved nitrogen tension
was equivalent to an oxygen window of 0.08
atm and 0.83 atm when breathing 100%
oxygen (see Fig. 4-12F"). Columns 3 and 4 of
Table 4-4 show the lifetimes of in vitro
bubbles. Bubbles unaffected by surface
tension persist indefinitely (column 3). With
a surface tension of 72 dynes/cm (column 4),
large bubbles persist for many hours but
small bubbles last only minutes to seconds
before dissolving. Surfactants are important
determinants of the lifetimes of bubbles in
nonliving systems.

The situation is quite different in living
tissue, wherein the oxygen window (O,W)
causes the inert gas partial pressure in the
bubble to exceed the dissolved inert gas
tension in tissue. Columns 5 and 6 of
Table 4-4 show the estimated bubble life-

times for an air-breathing animal (O,W =
0.08 atm), and columns 7 and 8 show bubble
lifetimes for an animal breathing 100% oxy-
gen (O,W = 0.83 atm). The oxygen window
exerts such a powerful effect on bubble res-
olution that even without surface tension,
small bubbles persist for only seconds to
minutes and larger bubbles for only minutes
to hours. Because diffusion was the only
transport mechanism involved in these esti-
mates, the medium surrounding the bubble
did not lose gas due to perfusion as in the
tissue model of Figure 4-16. If the Epstein-
Plesset model had included perfusion as well
as diffusion, the estimated bubble persist-
ence times would be shorter than indicated
in Table 4-4.

Spherical bubbles stabilized by surfac-
tants can persist as gas nuclei for long
periods in nonliving systems, but the esti-
mates of bubble lifetimes in Table 4-4
suggest that this would not be so in living
tissue, which is undersaturated because of
the oxygen window. The message of Table 4—4
is that surface tension effects are less impor-
tant than the effect of the oxygen window on
in vivo bubble resolution. In vivo bubbles
would be rapidly eliminated by the oxygen
window even if surface tension were absent.

NONINVASIVE METHODS
FOR DETECTING BUBBLES

Much of what is known about the physics of
bubbles comes from in vitro studies of visible
bubbles. Except for a few transparent marine
animals, knowledge of bubbles in living
systems has relied on a few low-resolution,
noninvasive imaging or detection methods.
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Figure 4-21. Radiograph showing bubble formation
during “knuckle-cracking”1%3.

Radiography

Bubbles were first detected in the human
body by radiography in 1910 and are de-
scribed extensively in the clinical litera-
ture.!92 Known today as vacuum phenomena,
these bubbles often appear in synovial joints
placed under tension and form as a result
of viscous adhesion (see section Physics of
Bubble Formation and Stability). Vacuum
phenomena that are filled with water vapor
collapse noisily as in the cracking knuckle
joint of Figure 4-2193103; those filled with gas
remain stable, such as the bubble in the
spinal canal of a 52-year-old man with a
history of chronic low back pain (Fig. 4-22).104
Gas collections in the spinal canal can
persist for at least 10 weeks!%* and appear to
be associated with vacuum phenomena in
intervertebral discs or apophyseal joints.!%

Although vacuum phenomena are usually
not associated with symptoms, this is not
necessarily the case for bubbles detected
after decompression. Figure 4-23 is a radio-
graph of a large bubble behind the knee of an
experimental subject at an altitude in excess
of 30,000 feet (9144 m; Dr. A. A. Pilmanis, per-
sonal communication). U.S. Army Air Force
aircrew members were routinely exposed to
such altitudes during World War II. Many
experienced pain (as illustrated in Fig. 4-23
by the notation “muscle dissection, in-
tense pain”) associated with the vacuum
phenomenon behind the knee. Thomas and

Chapter 4

Inert Gas Exchange and Bubbles 71

TR

o -
-

£TF
lt

Figure 4-22. Radiograph showing bubble in the
spinal canal of a 52-year-old man with a history of
chronic low back pain!%,

Williams obtained radiographs of both knees
of 35 subjects at altitude when pain occurred
in one knee and found that all subjects had
gas in the knee joints: 62% with pain had
bubbles behind the knee, and 76% with
pain had streaking along tendons and facial
planes.196107 These examples do not prove a
causal association of vacuum phenomena
and DCS, but supersaturation in the vicinity
of a vacuum phenomenon would promote
bubble growth by diffusion and the conse-
quences of decompressing a bubble in the
spinal canal can be postulated (see Fig. 4-22).

Doppler Ultrasonography

The most common method for detecting vas-
cular bubbles, Doppler ultrasonography,
operates on the principle that moving
bubbles change the frequency of reflected
sound waves. The frequency shift is con-
verted electronically to an audible signal that
a trained operator can interpret as gas emboli
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Figure 4-23. Radiograph of the leg of a U.S. Army Air Force volunteer at an altitude in excess of 30,000 ft (9,144 m)
(Courtesy of Dr. A. A. Pilmanis). A large bubble is visible behind the knee with the notation, “Muscle Dissection,

Intense Pain.”

Figure 4-24. Doppler bubble monitor showing transmitting and receiving probe.

(Fig. 4-24). The interpretation is subjective
and commonly scored according to the five-
point Spencer scale!®® (Table 4-5) or the
16-point Kisman-Masurel scale, which collap-
ses into the Spencer scale.!”” Doppler bubble
signal scales are nonlinear and cannot be
averaged unless linearized by one of seve-
ral suggested transformations.!%>110 Typical
Doppler monitoring sites are the precordium,
the pulmonary artery, the subclavian or
femoral veins, and the cerebral arteries.

Doppler bubble detection was introduced
into a diving world dominated by Haldane
decompression theory.!!! Because the theory
held that DCS did not occur until bubbles
formed, Doppler seemed to hold the promise
of bubble detection as an early warning of
DCS. When Doppler-detected venous gas
emboli (VGE) were found to be common in the
absence of DCS and DCS occasionally
occurred with no detectable VGE, some
workers rejected Doppler as too imprecise to
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Table 4-5. Doppler bubble signal
scoring system according to Spencer!%

Bubble Grade Definition

0 No bubble signals

1 Occasional signal

2 Signals in less than half the
cardiac cycles

3 Signals in all cardiac cycles

4 Signals override cardiac
signals

be of value.!'? Table 4-6 indicates that
Doppler scores and DCS were significantly
associated in diving!'® and high-altitude popu-
lations,!!* however, and the Canadians used
Doppler extensively in developing the DCIEM
decompression tables 49115116

Doppler has demonstrated VGE in humans
after decompression to an altitude of only
12,000 ft (3658 m)!'7 and after ascent from a
12-hour dive to only 12 fsw (3.6 msw).!8
These are pressure changes of 0.4 atm or
supersaturation ratios of 1.6:1 and 1.4:1,
respectively. Doppler-detected VGE are also
common during routine recreational diving
in the absence of DCS (see Chapter 7, Figs.
7-17, 7-18, 7-24).119 VGE are certainly abnor-
mal, but further study is needed to deter-
mine whether they can be pathologic (see
the discussion “Possible Roles of Venous
Gas Emboli in Neurologic Decompression
Sickness” in Chapter 7).

Echocardiography

The echocardiograph is another ultrasonic
instrument used in decompression research,
but one used less frequently than Doppler
because of the high cost (although less
expensive portable systems are now avail-
able). Two-dimensional echocardiography is
based on the same principles as computed
tomography but uses ultrasound instead of
x-rays. Bubble images are relatively easy to
locate within the four chambers of the heart
(see Chapter 25, Fig. 25-9).

The principal use of echocardiography in
decompression research has been to inves-
tigate the question of whether a patent
foramen ovale (PFO) predisposes to neuro-
logic DCS. The hypothesis is that the PFO
provides an anatomic pathway through the
right side of the heart by which VGE may
bypass the filtering action of the lungs and

Table 4-6. Relationship of Doppler
bubble scores and decompression
sickness

Bubble Air Diving* 30,000 ft Altitudet
Grade (% DCS) (% DCS)

0 0 10

1 1 11

2 1 50

3 6 60

4 10 78

* 35 DCS in 1761 dives!!3
764 DCS in 275 flights!''4

reach the brain or spinal cord through the
arterial circulation (see Chapter 8). To test
for the presence of a PFO, a mixture of
saline and microbubbles is injected into a
peripheral vein. The appearance of bubbles
in the left side of the heart is evidence of a
functional PFO. Several workers have found
that PFO was more prevalent in divers
who had suffered neurologic DCS than in
controls.

The U.S. Air Force routinely uses echo-
cardiography during experimental altitude
exposures to search for arterial bubbles in
the left side of the heart.!%® If any are
detected, the exposure is immediately
terminated because of the potential risk of
cerebral arterial gas embolism. To date, left-
ventricular bubbles have been observed in 8
of 2587 subject exposures. All 8 had grade 4
VGE; of these, 7 experienced limb-pain DCS!20
(Dr. J. Webb, personal communication). Of 4
who were evaluated for PFO by saline bubble
contrast injection, 3 had a PFO and 1 had a
functionally similar abnormality known as a
sinus venosus defect. The Air Force experi-
ence suggested that, for altitude exposure at
least, arterial bubbles were rare, and those
that did occur did not predispose to cere-
bral DCS during a short interval before
recompression. Neurologic DCS at altitude is
unusual compared with diving, however,
possibly because oxygen breathing before
decompression reduces or eliminates nitro-
gen supersaturation of the brain and spinal
cord.

CONCLUSIONS

Stage decompression, introduced in 1908 by
John Scott Haldane, was the most significant
achievement of the 20t century in reducing
severe or fatal decompression sickness and
was the first model of decompression to be
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based on a physiologic explanation of DCS.
Later workers refined Haldane’s method
empirically and further improved decom-
pression safety and efficiency. The effect of
bubble formation on retarding inert gas elim-
ination was not appreciated until the latter
half of the century, however, and has only
recently been incorporated into decompres-
sion models. To a large extent, this was
because of limited techniques for detecting
bubbles and measuring inert gas exchange.
Although these techniques have improved,
the situation remains less than satisfactory.
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Since the beginning of human history, men
and women must have used breath-hold
diving to gather seafood or recover things
accidentally lost underwater. There are sev-
eral historical accounts of divers used in
salvage and military operations in the
ancient world and throughout the centuries,!
including a detailed report describing
breath-hold dives down to 80 m (about
262 ft) performed by a Greek sponge diver to
recover the lost anchor of an Italian battle-
ship in 1913.2 Also very old is the history of
diving women (called Ama in Japan), who
started gathering food underwater around
2000 years ago along the coasts of Japan and
Korea.? A few thousands of these women are
still breath-hold diving for the same purpose
with basically the same techniques, except
for the introduction of wet suits in the 1970s.
Typically, the Ama perform a large number
of breath-hold dives, either assisted or un-
assisted (Table 5-1), of about a minute in
duration* and generally shallower than 25 m
(82 ft).3 Another group of divers that perform
many repetitive dives consists of competi-
tive spear-fishermen, who may reach 30 to
40 m of depth while holding their breath for
1 to 2 min (L. Magno, personal communica-
tion). Repetitive, but shorter and shallower
dives, are also performed by underwater
hockey players. In the United States, breath-
hold diving probably started in Southern
California in the early 1930s with the famous
“San Diego Bottom Scratchers” and from
there it spread to the rest of the country.
Since the mid-twentieth century, deep
breath-hold diving has become a new sport
worldwide, from its beginning in 1949 when
the Italian Raimondo Bucher made and won
a wager: holding his breath, he was able to
snatch a waterproof envelope containing
20,000 Italian Lira from the hands of an aston-
ished hard-hat diver at 30 m of depth (about
98 ft).> Since then, new depth records have
been set almost every year until the present
world record established by Tanya Streeter,
who reached the depth of 160 m (almost
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525 ft) in 2002 (Fig. 5-1), during an assisted
breath-hold dive lasting 3 min 26 sec, in
which she was pulled down by a weight and
then pulled back to the surface by an inflated
balloon (see Table 5-1).

Breath-hold diving includes three different
conditions: breath holding (also known as
apnea), immersion (frequently in cool or
cold water), and exposure to increased pres-
sure under water. However, most physiologic
studies of breath-hold diving have involved
subjects holding their breath at the surface,
with their face exposed to cold water (called
“simulated diving”); this means that some of
the results of these laboratory studies may
not be applicable to real breath-hold diving.

EFFECTS OF IMMERSION

Because immersion is integral to breath-hold
diving, a brief description of its effects on the
respiratory and cardiovascular systems of
the diver follows.5 Actually, breath-hold
divers spend more time snorkeling at the
surface than diving underwater. When a
diver is immersed in water up to the neck,
the body is exposed to the atmospheric
pressure plus the hydrostatic pressure, the
latter being proportional to depth, while the
lungs are exposed to atmospheric pressure
(Fig. 5-2). In the vertical head-out position,
the average pressure resulting from the dif-
ferent hydrostatic forces on the diver’s chest
is about 20 cm H,0O; in the horizontal posi-
tion, as during snorkeling, this pressure is
probably less than 10 cm H,0.” These pres-
sures represent the degrees of negative pres-
sure breathing to which the diver is exposed
at the surface. The maximal inspiratory pres-
sure a diver can generate is about 150 cm
H,0.8 This represents the theoretical
maximal limit for snorkeling; however, most
snorkels are shorter than 30 cm. Trying to
inspire from a very long snorkel may lead to
severe cardiac dilatation and failure, as hap-
pened to Stigler, who unsuccessfully tried to
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Table 5-1. Types of breath-hold diving

Type
Unassisted (free) diving

Technique

Assisted-descent diving

Assisted diving

Swimming during descent and ascent

Pulled by weight during descent,
swimming during ascent

Pulled by a weight during descent;
during ascent, lifted by air-balloon
or by surface assistant with a rope;

Used By

Competitive spear fishermen,
record divers, Ama-Cachido,
underwater hockey players

Pearl divers

Sponge divers

Record divers

Ama-Funado

Spear fishermen

Record divers

electrically powered scooter used
during descent and ascent

Figure 5-1. Depth records (mostly with assisted
techniques—see Table 5-1) established by elite
breath-hold divers since 1949, when this type of
competition started (see text). The information
presented in this figure is not complete and is
derived from nonscientific sources. Circles represent
records set by female divers. (Modified from Ferrigno
M, Lundgren C: Human breath-hold diving. In
Lundgren CEG, Miller JN [eds]: The Lung at Depth.
New York, Marcel Dekker, 1999.)

breathe through a tube at 2.5 m (about 8 ft)
of depth in 1911.7

Immersion to the neck pushes the abdom-
inal wall inward and the diaphragm upward;
it also causes redistribution of blood into the
chest, as the water pressure counteracts the
pooling of blood in the dependent regions of
the body (which happens in air because of
gravity). Contributing to this intrathoracic
blood pooling may be the increased cardiac
afterload induced by water pressure, which
makes vascular pressures outside the chest
higher than intrathoracic pressure. Arborelius
and colleagues!® showed that about 700 mL
of blood moved into the chest during head-
out immersion in thermoneutral water,
leading to a 30% or more increase in cardiac
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output. Conformational changes of the chest
probably account for the 69% reduction in
expiratory reserve volume and the 16%
reduction in residual volume (RV) described
by Agostoni and associates!! during head-out
immersion; blood redistribution is responsi-
ble for the 9% reduction in vital capacity
(VC) observed by the same authors. In fact,
the VC reduction during head-out immersion
is affected by the water temperature, which
influences vasomotor tone and, therefore,
the degree of blood shift: the cooler the
water, the larger the reduction, with no dif-
ference between the dry and immersed VC at
40°C and a reduction of VC to 91.9% in 20°C
water compared with the dry condition.!?
Immersion in the horizontal position, as
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A B
Depth Pressure Figure 5-2. Dist(;_ibution of
: pressure surrounding a man
i 1A (cm) (ATA) standing in air (A) and
: -0 1.00 immersed in water to the neck
Air 1ATA - 10 1.01 (B). The density of dots
L 20 1.02 reflects the magnitude of
L 30 1.03 pressure. The broken curves
Water L 40 104 over the chest and below the
[ 50 1'05 diaphragm indicate the
: position of the chest wall and
- 60 1.06 the diaphragm standing in air.
- 70 1.07 (From Hong SK: Breath-hold
- 80 1.08 diving. In Bove AA, Davis JC
- 90 1.09 [eds]: Diving Medicine.
100 1.00 Philadelphia, WB Saunders,
1990, pp 59-68.)

during snorkeling, reduces VC in proportion
to the chest depth, down to 68% of dry value
when the sternum is 40 cm below surface.”
According to Agostoni and coworkers,!!
immersion also causes a 58% increase in
airway resistance because of narrowing of
airways due to a reduction in functional re-
sidual capacity, and possibly also because of
a decrease in lung recoil secondary to vascu-
lar engorgement (causing a reduction in
airway flow at low lung volumes): These
changes result in a 12% reduction in maximal
voluntary ventilation.!® Pulmonary vascular
congestion during immersion is also thought
to be responsible for most of the increase
in closing volume! and in the volume of
trapped gas (up to 290 mL)!"® and for a
30% decrease in pulmonary compliance.!®
Interestingly, pulmonary compliance appears
to decrease even more with time, suffering
from an additional reduction of 13.2% over
30 min.!” This phenomenon may be due to an
increase in intravascular or interstitial fluid
in the lungs over time (see the later discus-
sion, Clinical Aspects of Breath-Hold Diving).

PHYSIOLOGY OF
BREATH-HOLD DIVING

Cardiovascular System

The French physiologist Paul Bert first
described “diving bradycardia” in 1870,
when he reported an impressive slowing of
the heart rate in ducks forced to stay under-
water.!® This vagally mediated reflex brady-
cardia is part of the diving response, which
in diving animals also includes peripheral

vasoconstriction, a reduction in cardiac
output, maintenance of arterial blood pres-
sure, and, in forced or longer dives, reliance
on anaerobic metabolism and possibly a
reduction in metabolic rate.!? In 1935, Irving
and colleagues?) suggested that this re-
sponse may conserve the limited oxygen
available during a dive for the organs that are
particularly sensitive to ischemia, such as
the heart and brain. According to this con-
cept, these important organs are perfused by
blood at the expense of organs more resist-
ant to ischemia (e.g., muscles, skin, and
viscera), wherein the vasoconstriction leads
to anaerobic metabolism with accumulation
of lactic acid. The lactic acid is washed out
after the dive as perfusion of the ischemic
tissues is resumed.?! The diving response is
elicited by breath-hold diving, but it can also
be triggered to certain extent by apnea
alone,?? immersion of the face in cold
water,?® or even simply by cooling the face.?*
Although the diving response was originally
described in diving animals, humans were
found to experience a similar response to
breath-hold diving.2> However, as explained
in Clinical Aspects of Breath-Hold Diving (see
later), the human diving response may
include dramatic increases in arterial blood
pressure and arrhythmias,? which appear to
be rare in diving animals and which may be
dangerous in breath-hold divers.
Breath-hold divers often experience
tachycardia before diving, which may be due
to stimulation of pulmonary stretch recep-
tors?’ from the fact they start their dives with
a deep inspiration, unlike diving animals who
dive after expiration.?® Predive hyperven-
tilation and sometimes anxiety (i.e., during
depth record attempts) may contribute to
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Figure 5-3. Enzio Maiorca and
his two daughters, Patrizia (right)
and Rossana (left), preparing to
perform deep breath-hold dives.
Each of them has, at one time or
another, held a world depth
record. As explained in the text,
they performed several dives to
55 m (~180 ft) in a research
chamber, providing precious
physiologic information.

Figure 5-4. Electrocardiogram (ECG, top trace),
invasively recorded arterial blood pressure (middle
trace) and depth profile (bottom trace) during a
chamber dive to 50 m (~164 ft) lasting 175 sec as
performed by an experienced breath-hold diver.
(From Ferrigno M, Ferretti G, Ellis A, et al:
Cardiovascular changes during deep breath-hold
dives in a pressure chamber. J Appl Physiol
83:1282-1290, 1997.)

this initial tachycardia. Ferrigno and cowork-
ers? took electrocardiographic recordings
on three elite breath-hold divers (Fig. 5-3)
during wet dives down to 55 m (~180 ft) in
cool water in a pressure chamber; initial
tachycardia was followed by a sharp drop in
heart rate to 20 to 30 beats/min near the
“bottom” (Fig. 5-4). The divers’ heart rate
returned to normal predive levels within
15 sec after “surfacing.” The bradycardia
observed in these chamber dives, and in
some breath-hold dives to 65 m (~213 ft) per-
formed by the same elite divers at sea,* was
quite irregular because of the presence of
many cardiac arrhythmias. Arrhythmias
have been described frequently in human
breath-hold divers®’; possible causes and
clinical implications are discussed later
under Clinical Aspects of Breath-Hold Diving.

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

The drop in heart rate appears to cause a
decrease in cardiac output during breath-
hold diving, as is observed during chamber
dives to 55 m (about 180 ft) wherein cardiac
output fell (to less than 3 L/min in two of the
three elite divers) because of the bradycar-
dia.?® On the other hand, other studies of
cardiac output performed at the surface
have shown different results (either no
change, a decrease, or an increase), probably
because of the different experimental condi-
tions.’! As mentioned before, peripheral
vasoconstriction is also part of the diving
response, and in fact finger, forearm, and calf
blood flow are reduced during breath-
holding with face immersion.??> However,
blood flow in the carotid artery has been
shown to increase by 36.6% when subjects
were holding their breath while underwater



at a depth of 4 m.??® Similarly, up to a 100%
increase has been shown in cerebral blood
flow (measured with magnetic resonance
imaging, or MRI) during nonimmersed breath
holds.?* Although the reduced limb perfusion
was attributed to an increased sympathetic
activity in arterial limb vasculature, the
increased cerebral perfusion was attributed
to cerebral vasodilation secondary to the
increase in CO, concentration in the blood
during breath holding. Similar to what
happens in diving animals, peripheral vaso-
constriction may lead to anaerobic metabo-
lism with lactate accumulation in peripheral
tissues in human divers also. Such an in-
crease in lactate has been described follow-
ing breath-hold dives,3*36 even in some deep
ocean dives for which the authors calculated
a low metabolic cost normally not associated
with anaerobic metabolism.?”

Unlike diving animals, in which arterial
blood pressure remains constant or in-
creases slightly,!” human divers experience
very large increases in blood pressure during
diving: Ferrigno and colleagues? invasively
recorded pressures up to 280/200 mm Hg
(37.3/26.7 kPa) and 290/150 mm Hg (38.7/
20.0 kPa), with a few systolic peaks reaching
345 mm Hg (46.0 kPa), in two elite divers in
the early part of breath-hold dives to 50 m
(~164 ft) in a chamber (see Fig. 5-4). Then,
the blood pressure started to fall, probably
because of bradycardia that may have devel-
oped because of baroreceptor stimulation.
Anxiety about these chamber dives and a
pronounced vasoconstrictor response to
apnea and face immersion in cool water
(probably secondary to their training) may
have contributed to these high values of
blood pressure in these two elite divers.
Bjertnaes and associates®® also noted very
large increases in blood pressure, recording
a mean arterial pressure as high as 25.33 kPa
(~190 mm Hg) at the end of experiments
involving apneic face immersion in ice water
and exercise. However, other studies per-
formed at the surface have shown no or only
a small increase in arterial blood pressure.3!

Another aspect of the diving response that
human beings may share with diving animals
is splenic contraction: Qvist and coworkers3’
described release of red blood cells from
the spleen into the circulation in Weddel
seals. In those animals, the hematocrit
increased by 44% in the first 10 to 12 min of
diving, providing an increase in both O, and
CO, stores for the following dives. A 9.5%
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increase in hematocrit was found in Korean
diving women after 115 dives to 6 m over a
2.5 hours: This increase was ascribed to
splenic contraction because splenic volume
was reduced by almost 20%.% In another
study of the same professional divers, the
hematocrit underwent cyclical increases of
8.9% with each of a series of breath-holds.!
More recently, Schagatay and colleagues*
observed a 6.4% increase in hematocrit in
10 normal subjects (but not in 10 splenec-
tomized subjects) during a series of five
breath holds; the hematocrit returned to the
baseline value 10 min after the last breath
hold.

Respiratory System

Gas exchange in the alveoli is influenced by
the environmental pressure; therefore, its
course during breath holding at the surface
is very different from its course during
breath-hold diving (Fig. 5-5),% as is dis-
cussed later. During a breath hold, O, uptake
from the lung continues but CO, cannot be
eliminated, and therefore it is retained in the
diver’s body to be stored first in the lungs
and the blood and, after about a minute, in
muscles and viscera.* In this condition, the
Paco, first increases rapidly and then more
slowly, with CO, net transfer from the blood
into the alveoli nearly stopping at about
30 sec while O, uptake from the lungs, with
its concentrating effect on alveolar CO,, falls
markedly (see Fig. 5-5).%

In the course of a voluntary breath hold,
two phases can be observed: During the first
one, called the “easy-going” phase, the
glottis is closed and the intrathoracic pres-
sure remains stable; this phase ends with the
onset of involuntary inspiratory muscle con-
tractions (with the glottis still closed) and is
followed by the “struggle” phase.*® During
this latter phase, the involuntary contrac-
tions increase in frequency and intensity
until the airway is opened, when the diver
can no longer resist the urge to breathe. The
end of the easy-going phase depends on
physiologic factors, such as arterial Pco, and
lung volume,*” and therefore is called the
“physiologic breaking point.” Both psycho-
logical and physiologic factors influence the
highly variable duration of the second
phase, which ends with the “conventional
breaking point” (coinciding with the end of
the voluntary breath hold).#® Mean alveolar
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Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

Figure 5-5. Exchange of O, (top) and CO, (bottom) during immersed breath holds at the surface and breath-hold
dives to 20 m (simulated in a chamber). Gas transfer occurs from (positive values) or into the lungs (negative
values). Bars show values of cardiac index obtained under identical conditions in other studies. STPD, standard
temperature and pressure, dry (0°C, 760 mm Hg). (From Linér MH, Ferrigno M, Lundgren CEG: Alveolar gas
exchange during simulated breath-hold diving to 20 m. Undersea Hyperbar Med 20:27-38, 1993.)

gas tensions at the conventional breaking
point range from 43.3 to 53.5 mm Hg for CO,
and 46 to 80 mm Hg for O,, with the duration
of maximal breath holds at rest ranging
between 93 and 150 sec.#?

Of course, there is an inverse relationship
between breath-hold duration and oxygen
consumption. For example, in a study by Lin
and coworkers,* the average breath-hold
duration was 162 sec at rest, whereas it was
only 66 sec when the five subjects exercised
at 167 kg-m/min. Diving techniques that
reduce physical effort during a dive (as in the
case of assisted diving, wherein the diver is
pulled down by a weight and is pulled up by
a flotation device—see Table 5-1) allow
longer breath holds by decreasing the rate of
oxygen consumption and carbon dioxide
production. With a longer breath hold, the
diver can reach greater depths. The meta-
bolic rate is also increased by immersion in
cold water, which can cause a great increase

in O, uptake (256% higher than dry control)>
and a 25% to 55% reduction in breath-holding
times.’! The 20% to 25% extension in breath-
holding time caused by immersion in ther-
moneutral water®® could be due to the
increase in acute CO, storage capacity in
this condition as described by Chang and
Lundgren.’? On the other hand, sudden
immersion in 0°C water reduces breath-
holding time by as much as 75% compared
with the dry condition because of the very
strong respiratory drive elicited by cold
stimulation.”!

During a breath-hold dive, as the pressure
exerted by the water surrounding the diver’s
chest increases, so does the pressure of O, in
the alveoli (see Fig. 5-5), allowing the diver
to use more of the pulmonary oxygen store
(a phenomenon sometimes called “burrowed
oxygen”).5® Actually, even more important
than the increased Pao, to explain the higher
O, uptake at depth may be an increased



cardiac output at depth, compared with
breath-holding at the surface,5* as pointed
out by Linér and colleagues® (see Fig. 5-5.)
This means that the breath-holding time can
be longer at depth than at the surface.
However, during ascent, as the ambient pres-
sure drops, so does the Pao,, and the diver
now faces the risk of “hypoxia of ascent.”
Measurements taken at the end of breath-
hold dives attest to this risk, with Pao, values
as low as 28 mm Hg (3.7 kPa) at end of 45 sec
working dives to 11 m (36 ft) by Korean
Ama* and Pao, as low as 30.6 mm Hg
(4.1 kPa) at the end of assisted dives to 70 m
(almost 230 ft) in the ocean lasting about
150 sec.’” In fact, during the last part of
ascent, reversal of the oxygen flow (i.e.,
oxygen moving from the venous blood into
the alveoli) has been observed.* Interestingly,
this phenomenon may have the beneficial
effect of slowing the fall in PAo, (and there-
fore in Pao,), possibly offering some protec-
tion against hypoxia in the last part of deep
dives.>’

With regard to CO, exchange in the alveoli
during a dive, its transfer is reversed during
descent as the Paco, increases (because of
chest compression) above the mixed venous
level; during ascent, the falling ambient
pressure reduces alveolar Paco,, thus re-
establishing CO, transfer into the alveoli.*?
Because the volume of CO, transferred into
the alveoli during ascent may not be enough
to compensate for all the CO, accumulated
during the dive, some CO, may be retained at
the end of a breath-hold dive.

Hyperventilation is an effective method to
extend breath-hold duration because it
decreases the CO, stores in the diver’s body
at the beginning of a breath hold: it will
therefore take longer for CO, accumulation
during the breath hold to reach a breaking
point level. However, vigorous predive
hyperventilation is very dangerous because
it does not appreciably increase the oxygen
stores (it minimally increases lung stores and
causes almost no change in blood stores,
because the blood is normally already
saturated with oxygen), whereas predive
hyperventilation is very effective in delaying
the diver’s urge to breathe. Breath-hold
durations of up to 5 min have been recorded
in three nonimmersed elite divers3’; longer
breath-holds (up to 7 min) have been
achieved during immersion in a pool.5

Unfortunately, the diver’s hypercapnic
respiratory drive can be delayed past the
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point of hypoxic loss of consciousness,
which, underwater, would lead to drowning.>
When hyperventilation is combined with
oxygen inhalation during the final breaths,
breath-hold duration appears to depend
mostly on the pulmonary oxygen store, with
breath-holding times up to 14 min.%° These
prolonged breath-hold durations with O,
may also be due to the fact that the level
of alveolar ventilation from a certain Paco,
is modulated by the Pao,, and vice versa.
Klocke and Rahn recorded alveolar CO, ten-
sions as high as 91 mm Hg (12.1 kPa) at the
end of breath holds lasting up to 8.5 min after
oxygen breathing®; therefore, this maneuver
may lead to dangerously high CO, tensions.

During diving, the volume of the gas in the
lungs is reduced according to Boyle’s law;
divers who go deep enough could damage
their chest. Until the mid-1960s, researchers
thought that the maximal depth that a diver
could safely reach could be calculated from
the ratio of the maximal initial lung volume
(total lung capacity, or TLC), and the minimal
natural volume (RV) of the lungs. According
to this concept, most divers could not have
safely gone any deeper than about 30 m
(<100 ft) without risking “chest squeeze.”
However, the scientists were proven wrong
by the record-setting divers who have
reached greater and greater depths, diving
repeatedly to more than 100 m (328 ft) down
to the present record of 160 m (almost
525 ft). At this depth, the diver’s lung volume
should have been reduced to about %7 of its
volume at the surface, well below RV.

The fact that these deep dives have been
performed without evident damage to the
chest is due to translocation of blood from
the periphery into the heart and vascular
bed in the diver’s chest; blood is practically
incompressible, and therefore it makes up
for the loss in gas volume in the diver’s
lungs, thus opposing chest compression
below its natural (minimal) volume. Accord-
ing to this concept, blood moves into the
chest during descent along a transthoracic
pressure gradient caused by a drop in
intrathoracic pressure (relative to the pres-
sure outside the diver’s chest) as the chest is
compressed and it starts recoiling out-
wards.?! Craig first demonstrated this redis-
tribution of blood in 1968 by calculating that
600 mL of blood had entered a subject’s
chest during a dive to 4.5 m (almost 15 ft),
performed after expiration to RV, without
significant change in transthoracic pressure.5!
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Schaefer and coworkers® provided addi-
tional evidence for this phenomenon when
they measured intrathoracic translocation of
up to 1047 mL of blood during experimental
dives to 130 ft; more recently, Warkander and
colleagues® reported estimates of intra-
thoracic blood pooling of up to 1.7 L during
chamber dives to 55 m (~180 ft). Finally, it
is also possible that the diver’s chest may
be safely compressed during descent to a
smaller volume than the one arrived at
during forced exhalation at the surface.
Unfortunately, although translocation of
blood allows deep dives, it may also cause
damage to the blood-containing structure of
the diver’s chest, as discussed later under
Clinical Aspects of Breath-Hold Diving.

Some respiratory techniques may help
divers to start a dive with the largest possi-
ble volume of air in the lungs, potentially
helping them to reach greater depths. For
example, some record divers take the last
maximal inspiration (prior to diving) either
outside the water or partially immersed to
the waist line, minimizing the intrathoracic
pooling of blood due to immersion.> Similarly,
whistling sounds performed by the Ama
divers may allow inspiration of a larger
volume of air prior to diving, as the resulting
increase in intrathoracic pressure is likely to
expel blood out of the diver’s chest.6364

FACTORS AFFECTING

THE DIVING RESPONSE
AND THE HUMAN ABILITY
TO DIVE

Several factors can affect the diving
response, including lung volume, intra-
thoracic pressure, hypoxia, hypercapnia,
exercise, diving experience, age, and psycho-
logical factors. With regard to lung volume,
bradycardia and reduction in peripheral flow
appear to be more pronounced at lower lung
volumes.®® The increase in intrathoracic
pressure usually present during a breath
hold at the surface (due to the inward recoil
of both the lungs and the chest wall at large
lung volumes?') reduces venous return into
the chest, thus decreasing the cardiac output
and, through pressor-receptor unloading,
contributes to the tachycardia frequently
observed at the beginning of a dive (see
Fig. 5-4). However, during descent, the
intrathoracic pressure relative to the pres-
sure outside the diver’s chest drops as the

chest wall recoils outward at low lung
volume,?! possibly contributing to the diving
bradycardia. Lin and associates® experimen-
tally separated the effects of apnea, hypoxia,
and hypercapnia on diving bradycardia:
Apnea by itself decreased heart rate by 18%,
whereas hypoxia contributed an additional
18% reduction and hypercapnia actually
caused a 6% acceleration, resulting in a net
heart rate reduction of 30%. Physical exer-
cise, particularly the dynamic type, appears
to potentiate diving bradycardia.” A similar
effect has also been described by some
authors for physical conditioning®® and for
diving experience,?? whereas other studies
have not confirmed such an effect of condi-
tioning® or diving experience.” Finally, the
diving response appears to be strengthened
by anxiety and fear,”! whereas it is dimin-
ished by increasing age.”

The diving response appears to have an
oxygen-conserving role in habitually diving
animals by slowing depletion of central O,
stores (in the blood and lungs) during pro-
longed dives.!??8 This occurs because brady-
cardia reduces O, consumption in the heart
and peripheral vasoconstriction reduces it in
splanchnic organs; in addition, a reduced
perfusion of the muscles makes them rely
first on O, derived from myoglobin rather
than blood, and then on lactic acid produc-
tion. Some experimental evidence indicates a
similar role for the diving response in trained
human breath-hold divers. In 1965, Wolf and
colleagues™ described a slower oxygen
desaturation in arterial blood during a pro-
nounced diving response, compared with a
situation in which bradycardia or peripheral
vasoconstriction (or both) were less intense;
these findings were later confirmed by other
authors.”™7™ A pronounced diving response
has also been associated with prolongation
of maximal breath-holding times: In 1985,
Mukhtar and Patrick observed a 15% in-
crease in apneic time during breath holds
with face immersion in cold water compared
with breath holds without face immersion.”™
These authors ascribed this phenomenon to
a reduction in ventilatory drive.’

Splenic contraction, similar to what
occurs in Weddel seals,®® may also lead to
prolongation of breath holding in divers: Its
associated increase in hematocrit would
augment both O, and CO, storage capacity,
thus postponing the physiologic breaking
point.#? Another aspect of the diving res-
ponse that may aid oxygen conservation is
reliance on anaerobic metabolism, first



described in divers by Schaefer in 1965.7
More recently, Ferretti and coworkers?®’
observed increased anaerobic energy pro-
duction (at levels of oxygen consumption
normally not associated with such increases)
during breath-hold dives down to 70 m
(almost 230 ft) in the ocean as performed by
three elite breath-hold divers. The same
authors found that the ability to rely on
anaerobic metabolism appears better devel-
oped in trained divers than in nondiver con-
trols. Finally, prolongation of breath holding
also results from a short-term training effect:
A more than 200% increase in the time to the
physiologic breaking point (with a much
more modest postponement of the conven-
tional breaking point) during a series of five
breath holds, with 3 min recovery periods,
may be due to involuntary hyperventilation
between breath holds.”

Other physiologic adaptations have been
described in experienced breath-hold divers.
A blunted ventilatory response to hypoxia
and hypercapnia in divers compared with
nondivers was ascribed to training in the
case of U.S. Navy divers,” Japanese Ama,%
and elite deep divers.®! Training is also
responsible for some changes in respiratory
mechanics likely to improve diving perform-
ance, such as a greater VC and the ability to
generate a higher inspiratory pressure in the
diving women of Korea and Japan compared
with nondiving controls’283 as well as a larger
VC and a smaller RV in U.S. Navy divers
resulting from training.8* Besides strengthen-
ing of the respiratory muscles in divers,
these changes may be due to increased com-
pliance of the respiratory system in Japanese
Ama,® which would provide a larger pulmo-
nary gas store (prolonging breath holding)
and a higher TLC/RV ratio (allowing deeper
dives before chest squeeze ensues). Finally, a
higher CO, storage capacity has been
described in three highly trained breath-hold
divers compared with untrained controls: It
took longer for the divers to reach their
breaking-point Paco,, with twice the amount
of CO, stored in the tissues of the divers
compared than in controls.?7

CLINICAL ASPECTS OF
BREATH-HOLD DIVING

Physicians should consider the conditions
described in the following paragraphs when
examining or treating breath-hold divers.
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The pathophysiologic mechanisms of these
conditions are described under Physiology
of Breath-Hold Diving. It is also important to
remember that there are forms of involun-
tary breath holding, such as a person falling
in water or the diver using an underwater
breathing apparatus that suddenly malfunc-
tions. Finally, some of the cardiovascular and
respiratory physiology discussed earlier for
breath holding at the surface may apply to
the clinical situation in which a patient in
acute respiratory failure (secondary, for
example, to either an upper airway obstruc-
tion or the use of neuromuscular blocking
agents, commonly known as muscle relax-
ants) cannot be adequately ventilated by
the assisting physician or other medical
personnel.

Cardiovascular Problems

Extreme levels of bradycardia have been
reported during both simulated and actual
breath-hold diving. In 1985, Arnold described
R-R intervals as long as 10.8 sec, correspon-
ding to a heart rate of 5.6 beats/min, induced
by apneic face immersion in cold water®5;
Ferrigno and associates? recorded R-R inter-
vals corresponding to heart rates of 8, 13,
and 24 beats/min in three elite divers,
respectively, during chamber dives to 55 m
(180 ft) in cool water (Fig. 5-6). Heart rates
as low as 20 to 24 beats/min were also
recorded in the same three divers during
ocean dives to 65 m (~213 ft).?? Interestingly,
these divers reported no symptoms during
these episodes of accentuated bradycardia,
probably because the intense peripheral
vasoconstriction of the diving response
helped to maintain cerebral perfusion pres-
sure during the prolonged diastolic periods.
A large number and variety of arrhythmias
have been described in breath-hold divers35;
these rhythm disturbances are more fre-
quent during dives in cold water? and while
the diver is at depth,? and they are not only
of the inhibitory type (to be expected from
an increased vagal tone) but also include
premature contractions (Fig. 5-7).26 Despite
the frequent arrhythmias recorded in three
elite breath-hold divers during chamber
dives to 55 m (180 ft) in cool water, these
divers did not report any symptoms even
during prolonged periods without any sinus
beats (up to 45 sec; see Fig. 5-7), probably
because many of the arrhythmic beats were
hemodynamically effective.?6 The following
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Figure 5-6. Electrocardiographic recordings in three
experienced breath-hold divers during chamber dives
to 50 m (A and C) and 40 m (B) in 25°C water. (From
Ferrigno M, Ferretti G, Ellis A, et al: Cardiovascular
changes during deep breath-hold dives in a pressure
chamber. J Appl Physiol 83:1282-1290, 1997.)

factors may contribute to the development
of arrhythmias during diving:
e High vagal tone
e Distention of the heart from blood redis-
tribution into the chest secondary to both
immersion, particularly in cold water,!?
and to a drop in intrathoracic pressure
during diving?!
¢ Apneic face immersion in cold water8”
e Possible subendocardial ischemia®® from a
large increase in blood pressure?®
In fact, as already described under
Physiology of Breath-Hold Diving, arterial
hypertension has been observed in breath-
hold divers, with systolic values of approx-
imately 300 mm Hg and diastolic values of
approximately 200 mm Hg.26
Arrhythmias and arterial hypertension
appear to be rare in diving animals
(P. Ponganis, personal communication), and
they may represent maladaptations in
human divers. These phenomena appear to
be well tolerated by young and fit divers but
may have more ominous consequences in
older persons or in divers with preexisting
cardiac disease. There is also the danger that
the large intrathoracic blood pooling (more
than 1.5 L of blood is redistributed from
peripheral tissues into the heart and vessels
in the chest during deep breath-hold dives)*
that protects the diver from chest squeeze
may cause rupture of pulmonary vessels and
overdistention of the heart. In this regard,
there are several anecdotal accounts of
divers coughing up blood-tinged sputum
after repetitive breath-hold dives to 30 m or
more (L. Magno, personal communication).
Better documented is the case of an unfortu-

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

nate French diver who, after a series of dives
to 25 m (82 ft) over 2 hours, experienced
hemoptysis and died shortly thereafter.?° He
had taken aspirin before diving, and he was
found to have intraalveolar hemorrhage by
radiography, bronchoscopy, and bron-
choalveolar lavage.

Actually, even while a diver is swimming
at the surface, approximately 700 mL of
blood!? is already redistributed from the
periphery into the chest. Cardiac diastolic
filling may increase by 180 to 250 mL, and
pulmonary capillary blood volume may
increase by 51 to 200 mL.%*-% These hemo-
dynamic changes, which are enhanced by
immersion in cold water, may contribute to
pulmonary edema in swimmers and divers
(see Chapter 25).94% Typically, the symp-
toms, including shortness of breath and
coughing, resolve as soon as the diver gets
out of water; symptoms may become more
frequent with advanced age®” and in swim-
mers with subnormal baseline spirometry
values.” Snorkeling between dives, allowing
the chest to be submerged more deeply,
results in a lower intrathoracic pressure,
further increasing intrathoracic blood pool-
ing and possibly contributing to deaths in
elderly divers due to increased cardiac pre-
and afterload or arrhythmias.87.9

Problems in the Respiratory
System

As mentioned before, immersion induces
air trapping in the lungs; this phenome-
non appears to be more pronounced in
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asthmatics, in whom reductions in pulmo-
nary airflow have been observed during
immersion after exercise.l®0 Physicians
should remember this phenomenon when
evaluating divers with asthma. Pulmonary
maneuvers, such as “buccal pumping” or
“lung packing,” are sometimes used by
breath-hold divers to increase TLC and
therefore the TLC/RV ratio at the beginning
of a dive, potentially increasing the reach-
able depth. These techniques consist of
rapidly taking in mouthfuls of air after a
maximal inhalation while performing maneu-
vers similar to swallowing, which direct the
additional air it into the lungs. By doing so,
the divers can increase VC by up to about
40%,191 probably because blood is expelled
out of the chest due to the increased inward
recoil of the overexpanded chest and lungs.
In fact, the large increase in airway pressure
resulting from these maneuvers could lead to
lung rupture.!?? These dangerous techniques
can also cause substantial reductions in
blood pressure and even fainting secondary
to a decrease in venous return and, conse-
quently, in cardiac output.1%3

Although pulmonary barotrauma during
ascent is typically a danger for divers who
breathe a compressed gas underwater, this
condition may affect a breath-hold diver,
even though the total gas volume in the lungs
at the end of a dive cannot be larger than the
one present at the beginning of the dive.
What could happen in a breath-hold diver is
that something would prevent escape of the
expanding gas from one or more regions of
the diver’s lungs during ascent, causing
localized overdistention, rupture, and its
clinical consequences, including pneumotho-
rax, pneumomediastinum, and arterial gas
embolism. Some cases of neurologic prob-
lems and even death in breath-hold divers
may have been caused by emboli secondary
to pulmonary barotrauma of ascent.!04-106
Several mechanisms have been suggested for
this condition. One possibility is related to
very rapid ascents: Blood that had redistrib-
uted into the pulmonary circulation during
the descent may drain out of the pulmonary
vessels more slowly than the rate at which
alveolar air is expanding, causing blood
engorgement of these vessels (L. Magno, per-
sonal communication). This would lead to a
decrease in lung compliance and an increase
in airway closure,!%7” with the possibility that
some regions of the diver’s lungs may not be
able to safely accommodate the expanding

gas during ascent. Another possibility is
related to differences in compliance between
lung regions, particularly in divers with pre-
existing lung disease or surgical scarring,
causing tears in the lungs. Finally, as men-
tioned earlier, lung-packing maneuvers or
simply a very forceful inspiration could lead
to lung rupture before the dive,!% making the
diver more susceptible to pulmonary baro-
trauma during ascent.

Neurologic Problems

Breath-hold divers can experience decreased
levels or even loss of consciousness from
hypoxia as a consequence of hyperventila-
tion or hypoxia of ascent; when the diver is
alone, this may lead to drowning. Craig!®
clearly explained the danger of a forceful
hyperventilation when he cited 58 cases of
loss of consciousness during underwater
swimming. Spear fishermen face a similar
danger,''% although loss of consciousness
appears to be rare among Ama divers, who
do not practice forceful hyperventilation.>¢
As explained earlier, hypoxia of ascent
results from the fall in alveolar Po, that is
particularly rapid during the final part of
ascent. At this dangerous time, there may be
a paradoxical relief from air hunger due to
expansion of the chest wall!'l and the con-
comitant fall in alveolar Pco,,** giving the
diver a false sense of security.

Another condition that could lead to
decreased levels of consciousness in breath-
hold divers is CO, accumulation, which
could occur if surface intervals between
dives were very short in the absence of vig-
orous hyperventilation. Paulev and Neraa
described enough CO, retention to cause
narcosis following a series of seven dives to
18.5 m (about 60 ft), separated by surface
interval of only 1 to 2 min.!'2 Linér and
Linnarsson recommended surface intervals
of at least 3 min between dives to avoid CO,
accumulation.!!3

In 1965, Cross® suggested the possibility
that repetitive breath-hold diving could
cause decompression sickness: He described
several neurologic symptoms, including
partial or complete paralysis, vertigo, loss of
consciousness, and even death, in pearl
divers from the Tuamotu Archipelago, where
these problems were called taravana (tara,
“to fall”; vana, “crazily”). These divers per-
formed frequent dives to 100 fsw or more,



with bottom times of 30 to 60 sec, staying
underwater for about a minute and a half;
they dived for about 6 hours a day with brief
intervals between dives. In the same year,
Paulev!!* described similar neurologic prob-
lems in four divers of the Danish Navy after
repeated breath-hold dives to 15 to 20 m
(49 to 65 ft); fortunately, these divers were
successfully treated with recompression in a
hyperbaric chamber. Theoretical calcula-
tions by Lanphier indicated that enough
nitrogen could be accumulated after
repeated deep breath-hold dives separated
by short surface intervals to cause decom-
pression sickness.!’> In fact, nitrogen accu-
mulation with repetitive breath-hold diving
has been described in venous blood of
Korean female divers.!'6 A considerable
amount of nitrogen can also accumulate
during the course of a single deep breath-
hold dive: In 1987, Olszowka!l” calculated
that an extra 700 mL of nitrogen would accu-
mulate in the body of a diver after a single
220 sec dive to 90 m (295 ft).

Serious neurologic problems, including
sensory, motor, visual, and speech distur-
bances, have been reported more recently in
breath-hold divers from Australia,!!8 Italy,!?
Spain,1%6.120 France,!?! and Japan.!22123 Fortu-
nately, most of these neurologic problems
either resolved spontaneously or were suc-
cessfully treated with recompression. Some
changes in diving techniques may have con-
tributed to the reappearance of decompres-
sion sickness among breath-hold divers: In
the case of the Spanish divers, all of them
had repeatedly dived to 40 m (131 ft) or more
using electrically operated underwater
scooters; in the case of the Ama divers from
Japan, in whom decompression sickness was
not a problem in the past,'?* the relatively
recent introduction of wet suits has allowed
longer daily diving sessions in recent
decades. This new practice may be responsi-
ble for the appearance of decompression
sickness among the Amas,!% as confirmed by
focal cerebral injuries detected with MRI in
some Japanese divers.122126 MRI presented a
similar picture in a French diver!?!; the pos-
sibility that emboli may be responsible for
these lesions has been corroborated by
detection of venous gas emboli with ultra-
sound Doppler technique after repetitive
breath-hold diving.!27128

Neurologic problems suggestive of decom-
pression sickness have also been reported in
at least two cases of single deep breath-hold
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dives.1%6119 [n one case, the diver was using a
new and faster buoyancy device to ascend
from about 120 m (almost 394 ft); his rate of
ascent was about 4 m/sec (13 ft/sec) and,
shortly after surfacing, he experienced
paresthesias, quickly followed by right-sided
hemiplegia.!’® Fortunately, his symptoms
resolved within about 30 min during recom-
pression treatment. A possible explanation
for these symptoms is bubble formation in
the arterial blood during an extremely rapid
ascent: In this situation, blood saturated
with nitrogen at a given depth would reach
the brain (and release bubbles) when the
diver has arrived at a much shallower
depth.* Another possibility is that the diver
suffered from a form of pulmonary baro-
trauma leading to arterial gas embolism (see
the earlier discussion, Problems in the
Respiratory System).

Finally, even at depths at which scuba
divers suffer from nitrogen narcosis, this
condition does not appear to be a practical
problem in deep breath-hold diving, proba-
bly because exposure to high nitrogen pres-
sures is very brief. It is also possible that
nitrogen uptake is greatly reduced during a
deep breath-hold dive because the alveolar
area available for gas exchange is reduced by
the extreme compression of the lungs at
great depths.

Ear and Sinus Problems

Breath-hold divers may be particularly prone
to ear and sinus barotrauma and related
problems because of repeated exposures to
rapid pressure changes, particularly at shal-
lower depths. For a detailed discussion of
these conditions, see Chapter 22.

CONCLUSIONS

Breath-hold diving to modest depths is a
wonderful sport that can be done safely as
long as divers understand the physiologic
changes this activity produces and take
appropriate precautions, such as limiting
predive hyperventilation and never diving
alone. On the other hand, deep breath-hold
diving is much more dangerous, as demon-
strated by the accidents involving spear
fishermen and record divers as described
under Clinical Aspects of Breath-Hold Diving.
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Recently, a terrible accident claimed the
young life of Audrey Mestre during her
attempt to establish a new world depth
record with totally assisted technique (also
known as “no limit”).!? This unfortunate
event is a reminder of how dangerous this
type of extreme breath-hold diving is and
should lead to its abandonment.
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Atmospheric air has always been the stan-
dard gas for diving. Air has the advantages of
being familiar and safe to breathe for shallow-
water diving, and with proper handling and
perhaps filtration, it can be available for
diving purposes anywhere on earth. Air is
compressed into cylinders or used directly
from compressors with surface-supplied
equipment. For practical purposes, the limit
of air diving is a depth of about 50 m, at which
depth the pressure is approximately 6 atm
(approximately 600 kPa); some air diving is
performed up to the range of 60 msw (meters
of seawater) depth. Beyond this depth, and
within it for special purposes, mixtures other
than air are used. These may be mixtures of
helium and oxygen; various mixtures of nitro-
gen and oxygen; pure oxygen; trimixes of
oxygen, helium, and nitrogen; or more exotic
gas mixtures based on neon, hydrogen, or
sometimes even argon. All of these mixtures
may provide advantages over air under
specific conditions.

Overwhelmingly, the reason for using a
nonair mixture is to avoid narcosis in deep
diving, but other advantages of nonair mix-
tures might include better characteristics for
decompression, lower density, lower thermal
capacity, better control of oxygen toxicity,
reduced support of combustion, and opera-
tional demands. Cost and availability are also
important considerations. The categories of
diving that use special gas mixes include
commercial, military, scientific (which in-
cludes diving from undersea habitats), and
now also recreational and the extended-
range recreational diving category known as
technical diving. To a large extent, diving can
be categorized as saturation or nonsatura-
tion; these categories are mainly related to
decompression methods, but gas properties
play a big role.

Sz O Mixed-Gas Diving

R.W. Bill Hamilton

TERMINOLOGY

The term mixed gas has a specific meaning in
commercial and military diving, but it may
also refer to any breathing mixture other
than air. Mixed-gas diving traditionally refers
to diving with mixtures of helium and
oxygen, also called heliox or just “gas,”
which for many years was the only widely
used alternative to air. Special mix diving is a
more general term for nonair diving.

Another category of nonair gas mixes not
containing helium is now extensively used in
recreational, scientific, and some military
diving; this is oxygen-enriched air, colloqui-
ally called nitrox, which involves mixtures of
oxygen and nitrogen, most often air with
extra oxygen. Yet another mixture category
increasingly in use is that of a frimix of
oxygen, helium, and nitrogen. Pure oxygen
might also be regarded as an exotic gas in
diving; as a diving gas it is limited to shallow
water, but it is widely used for decompres-
sion both in and out of the water. Oxygen is
always present in diving mixes, but for use in
deep diving it may be a very small fraction of
the mix. For example, the terms diving on gas
or diving on neon may be used, but oxygen is
always present in the mixture. It is impera-
tive that the inspired oxygen partial pressure
(Po,) of a gas mixture be appropriate for the
situation because large deviations can be
disastrous. Oxygen management is a major
element of diving with mixtures; its opera-
tional aspects are covered briefly in this
chapter.

The new practice of “technical” diving
gives a fresh perspective to the basic
concept of diving with gas mixtures other
than air. Technical diving is untethered
diving (with scuba or rebreathers) beyond
the traditional air range, made possible
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because of extra experience, training, and
discipline—which lead to competence—and
special equipment, breathing mixtures,
decompression tables, support, organiza-
tion, and procedures. Technical dives
involve the use of more than one gas mix
during a dive or the use of a rebreather. With
technical diving being an established form of
diving, medical personnel need to under-
stand it and be equipped to deal with the
special problems it may generate.

The term gas usually refers to an elemen-
tal gas or compound such as oxygen, nitro-
gen, helium, neon, hydrogen, or argon; gases
make up the components of a gas mix or
mixture. The proportion of a gas in a mixture
(by volume) is its fraction and is usually
expressed as a decimal; components may
also be expressed as percentages (the frac-
tion multiplied by 100). If one or more gases
are specified, the remainder may be called
the balance.

The concept of partial pressure is essential
to the understanding of gas physiology. The
partial pressure of a gas component of a
mixture is the fraction of the component
gas multiplied by the total pressure. For
example, for the oxygen in air at a pressure
of 1 atm, the inspired oxygen partial pressure
(Plo,) equals the total pressure (P;) times
the fraction of inspired oxygen (Flo,):

Plo, = P, x Flo,
Plo, = 1.0 atm x 0.21

Plo, = 0.21 atm

Physiologists represent partial pressure
with a capital P often followed by a letter
indicating the source or location and a small
cap letter with subscript indicating the gas
symbol. Engineers tend to use the abbrevia-
tion PP for partial pressure, which also is
unambiguous. Using a single lower-case p is
confusing and should be avoided because
that has another meaning in chemistry, as in
pH. Fraction is abbreviated with a capital F.

Partial pressures are expressed in units of
pressure, generally atmospheres (atm), or in
bars or pascals (Pa) in SI units (System
Internationale or “metric”); sometimes depth
units are used. This chapter uses atmospheres
(atm) for partial pressures. A metric unit, the
bar (defined as 100 kPa), is physiologically
equivalent to 1 atm (the atm is 101.325 kPa). A
meter of seawater (msw) is defined as 0.100
bar or 10 kPa, and the Imperial depth unit is

the foot of sea water, defined such that %3 atm
= 1 fsw and therefore 3.2568 fsw = 1 msw. The
megapascal (1 MPa = 10 bar) is becoming
more commonly used for pressure measure-
ments. This chapter uses SI units or metric
units. For the record, to express partial pres-
sures in “ata” or “ATA,” intending to mean
atmospheres absolute, is inappropriate
because these gas partial pressures represent
chemical potentials and the distinction of
absolute or differential pressure has no rele-
vance in that context. This chapter uses atm.
Appendix 1 provides a table of pressure units
and conversions.

GASES AND GAS
PROPERTIES

The two main purposes for using a special
nonair diving gas mixture are (1) to be able
to change the makeup of the inert gas com-
ponents and (2) to be able to control the
oxygen level. Usually, both purposes are
served by the diving mix. These are related
to the properties of the gases, reviewed here
in general terms. The attributes of an inert
gas that are of greatest interest in diving are
its potential to cause narcosis, decompres-
sion properties, density, thermal properties,
and effect on speech, with narcosis clearly
the dominant factor. Cost and availability
may take precedence over some of these
physical properties.

Because oxygen can be toxic at higher
concentrations, metabolically inert gas is
used in the mix to lower the oxygen level; as
breathed, the inert gas itself is not metabo-
lized by the body. The inert gas is called a
diluent gas because it dilutes the oxygen.

The selection of inert gases is limited.
Whether these gases are useful as diving
gases depends largely on their density and
fat solubility, which tend to be correlated
with narcotic potency. Some of the useful
inert gases are diatomic (they have two
atoms per gas molecule), including nitrogen
(N,) and hydrogen (H,). Oxygen (O,) is also
diatomic but is by no means inert. The next
series of potentially useful gases is that of
monatomic noble gases, which are inher-
ently inert and which do not normally
combine chemically with other gases:
helium, neon, argon, krypton, xenon, and
radon. Other hydrocarbon and combined
hydrocarbon gases that are inert enough to
be breathed include methane, acetylene,



carbon tetrafluoride, and sulfur hexafluoride.
Nitrous oxide (N,O, “laughing gas”) and
other gases of larger molecular weight, such
as halothane, cyclopropane, and xenon, act
as anesthetic gases. Nitrous oxide is used to
stimulate nitrogen narcosis without having
to increase pressure above that of the atmos-
phere. At sea level, the noble gas xenon is a
mild anesthetic of about the same potency as
nitrous oxide; it is too expensive to be used
routinely for anesthesia.

Inert Gases

Nitrogen is the familiar inert diluent gas,
being the inert gas in air. Although nitrogen
can be oxidized at high temperatures and
is frequently found in biologically important
compounds such as proteins and their
amino-acid building blocks, higher animals
cannot convert molecular nitrogen to com-
pounds that can be metabolized (this
process can be performed by certain bacte-
ria), and nitrogen remains available as an
inert gas. It has recently been discovered
that at the cell level, nitric oxide (NO) acts as
a hormone that, among other functions, reg-
ulates dilatation of small blood vessels. The
narcotic action of a gas does not result from
chemical combination in the traditional
sense but is the result of a physical process
analogous to that occurring during gaseous
anesthesia; all of the gas taken up by the
organism being anesthetized or narcotized is
eventually excreted without being changed.
Hydrogen in its diatomic form (H,)
behaves in the respiratory system as if it
were totally inert. In addition to being a com-
ponent of water, hydrogen ions formed from
the breakdown of water cause acidity. Also,
hydrogen, when added catalytically to unsat-
urated fats such as vegetable oil, causes the
fats to harden, making them more saturated.
Early experimenters with hydrogen as a
diving gas were concerned about the possi-
bility that large amounts of hydrogen in the
body at relatively high pressures might
cause either of these reactions—a disturb-
ance of the acid-base balance or hydrogena-
tion of the lipid in nerve cells. So far, neither
of these concerns appears to be valid. The
removal of hydrogen from the body during
decompression by certain bacterial enzymes
that can metabolize molecular hydrogen is
being investigated; this is examined further
in the discussion of diving gases. It is fairly
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certain that hydrogen is not oxidized by
mammalian tissue.!

Other hydrocarbon gases such as
methane and acetylene are inert as breathing
gases, but most of these are too narcotic and
flammable to be useful; they are sometimes
used as tracers in laboratory work. Fuel
gases must have a certain fraction of both
the fuel gas and oxygen available in order to
burn, and therefore mixtures containing only
a small percentage of the gas with oxygen
or air will not burn. At the other end of these
mix ratios, it is possible to have mixtures
with the oxygen fraction low enough (<~5%)
that they will not burn, but that at increased
pressures can carry enough oxygen to
provide a normoxic Po, and meet respiratory
requirements. The “chipmunk” speech re-
sulting after inhalation of helium can be a
serious limitation to the use of this gas, but
helium speech “unscramblers” can render a
satisfactory level of intelligibility (99% is
claimed for modern units). Hydrogen inhala-
tion also leads to unclear speech and may
confuse an unscrambler tuned to helium.
Neon causes much less speech distortion
than helium, as is the case with oxygen-
helium-nitrogen trimixes having a significant
amount of nitrogen (Table 6-1).

Properties of Diving Gases

Viable choices of component gases for diving
are discussed in this part of the chapter.
(Densities given are those at 37°C and 1 atm
of pressure.) The common physical and
chemical properties are summarized in
Table 6-1. Diving mixtures consist of one or
more inert gases in combination with a frac-
tion of oxygen that will give a suitable Po, at
the depth of the dive.

AIR (MOLECULAR WEIGHT, 29;
DENSITY, 1.1 glL)

Despite the ubiquity and general suitability
of air for breathing, for diving purposes there
are good reasons for wanting an alternative
to air and the nitrogen it contains.
Overwhelmingly, the problem with air as a
diving gas is narcosis, but its density and the
toxicity of its oxygen component can also be
detrimental factors; also, in some cases, air’s
decompression properties are unfavorable.
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At the limit of its depth range, air becomes
significantly dense, which can limit a diver’s
ability to perform work and may contribute
to a buildup of carbon dioxide.

OXYGEN (MOLECULAR WEIGHT, 32;
DENSITY, 1.3 glL)

Oxygen is, of course, the critical component
of any breathing gas mixture. It is quite
soluble in both water and fat and is thought
to be as narcotic or slightly more narcotic
than nitrogen. Because oxygen is metabo-
lized in tissue, the exact amount present in a
given tissue under different conditions is
hard to determine. When present in excess,
oxygen can contribute to bubble formation
during decompression. Its thermal proper-
ties are similar to those of nitrogen, and it is
an inexpensive gas. Great care is required
when handling oxygen at high pressures
because of its strong oxidizing properties.

NITROGEN (MOLECULAR WEIGHT, 28;
DENSITY, 1.1 glL)

Nitrogen is the major constituent of air, and
many of its properties are similar to those
described for air. The narcotic potency of nit-
rogen is the dominant reason to find an alter-
native. Nitrogen can also be difficult to unload
during decompression, but it may be preferred
over helium for short dives, in which smaller
amounts of the gas are taken up. Under pres-
sure, nitrogen’s density can be significant.

HELIUM (MOLECULAR WEIGHT, 4;
DENSITY, 0.16 g/L)

Helium is not narcotic at any pressure. Its low
density makes it relatively easy to breathe at
high pressures, and it is beneficial for therapy
in respiration-compromised patients. Helium
is relatively insoluble and is therefore favor-
able for decompression, except in short expo-
sures, during which it appears to be taken up
faster than nitrogen by body tissues.

NEON (MOLECULAR WEIGHT, 20;

DENSITY, 0.8 glL)

Neon is not narcotic, but its density
approaches that of nitrogen and can limit its
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use. Its solubility is low, being close to that of
helium. Its expense limits neon to use for
diving only in exceptional circumstances.
Because it is extracted from atmospheric air, it
can be obtained in places where helium is not
available. Because of its physical properties,
neon is expected to have favorable decom-
pression properties, and this is supported by
limited data. Neon would be the ideal inert gas
for use in a space station atmosphere, where
cost may not be a major factor.

HYDROGEN (MOLECULAR WEIGHT, 2;
DENSITY, 0.08 giL)

Hydrogen behaves as an inert gas when
breathed, and it is being promoted as a
diving gas for three main reasons. Its low
density makes it favored over helium in very
deep exposures, it counteracts the effects of
the high-pressure nervous syndrome (HPNS)
better than does nitrogen, and there is the
possibility of using bacterial enzymes to
metabolize the hydrogen in the body. An
earlier, but currently less important, advan-
tage was that hydrogen is more readily avail-
able than helium, but in most locations today
the handling expenses more than offset the
initial cost differential. Hydrogen is narcotic,
and because of its solubility it does not move
out of tissues as fast as helium does during
decompression.

ARGON (MOLECULAR WEIGHT, 40;
DENSITY, 1.6 glL)

Argon is even denser than nitrogen and is
more narcotic. It is more soluble and hence
not favorable for decompression. It is found
in air and in some gas mixtures made from
air separation, and it is used in underwater
welding. Argon’s thermal properties make it
a better insulator than air and especially
better than helium, and it is therefore used in
dry suits by technical divers.

ELIMINATION
OF NARCOSIS

Narcosis is discussed in Chapter 11.
Although helium was first suggested as a
diving gas because of its lower solubility and
hence presumed benefit to decompression,?
it was soon realized that helium was not
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narcotic, and this became the primary
reason for its use.

Until the mid-1930s, operational air diving
had been limited to depths shallower than 50
to 60 m because of the effects of narcosis.?
The first significant dive with helium was in
1937 by Max Gene Nohl under the physio-
logic guidance of Edgar End.* Helium came
into its own during the salvage of the subma-
rine Squalus, which sank in 1939 in 75 m of
water.> Navy divers rescued the surviving
crew and recovered the submarine using a
surface-supplied helium-oxygen mix; it is uni-
versally accepted that this job could not
have been accomplished using air alone.

Since this early experience with helium,
human exposures to simulated depths of
nearly 700 msw (approximately 2280 fsw)
have been accomplished with heliox mix-
tures,5 and in the deepest exposure so far, a
single diver attained a depth of 701 msw in a
chamber with mixtures including some
hydrogen.” Extensive research on the effects
of these exposures has been conducted (for
examples, see Chapters 7, 11, and 18).

The absence of a narcotic effect from
helium has unmasked a new diving disorder
—HPNS—that appears to result from the
direct effects of pressure on excitable nerve
cells. HPNS is manifested most likely as a
breakdown of inhibitory functions revealed
by a complete lack of a narcotic effect from
helium (see Chapter 11 for a further discus-
sion of HPNS). It can be somewhat alleviated
by including a narcotic gas (nitrogen or
hydrogen) in the breathing mixture.® Hydro-
gen appears especially useful in this regard,
providing more effective relief than does
nitrogen at pressures in the range of 45 atm,?10
and it appears to relieve the “no joint juice,”
or stiff joints, of hyperbaric arthralgia to
some extent.

It is well established that helium does not
lead to narcosis at any pressure. Neon also
does not induce narcosis up to pressures as
high as 37 atm, and therefore, as a diving gas,
it can be considered to be non-narcotic.!!
Argon is considered to be about twice as nar-
cotic as nitrogen,!? but this may be an over-
estimate.!> Hydrogen has been found to
exhibit a distinctive narcotic potential at
high pressures, at possibly one fourth or one
fifth the potency of nitrogen; this is a definite
limitation to its use in very deep diving. The
threshold for operational exposure to hydro-
gen-oxygen mixtures is about 20 atm,!* but
these mixtures are not usable at partial pres-
sures less than about 7 atm because of the

need to keep the oxygen fraction low enough
to stay below flammability limits. With no
mention of physiologic mechanisms, per-
formance tests and descriptions by divers
suggest that the narcosis of hydrogen is dif-
ferent from that of nitrogen. Whereas nitro-
gen affects the rapidity and precision of
movement, with the narcosis resembling
alcohol intoxication, hydrogen acts on the
intellect and is more like hallucinatory
drugs.?14

Oxygen probably has about the same nar-
cotic potency as does nitrogen, as deduced
from the properties of these gases, but the
amount of oxygen that may be present at the
cellular site of the narcosis cannot easily be
determined. The two gases seem to behave
about the same.!>1¢ Technical trimix divers,
who generally finance their own dives, are
conscious of the cost of the helium compo-
nent of their bottom gas mix and therefore
dilute it with nitrogen. They normally make
mixes that contain just the amount of helium
necessary to relieve narcosis. Because the
intensity of nitrogen narcosis varies widely
among individuals, the optimal composition
of these mixtures is usually determined
empirically. A myth that has evolved among
divers and promoters of oxygen-enriched air
is that, in analogy to decompression, only
the nitrogen partial pressure of a mix needs
to be considered in planning the expected
level of narcosis. A more conservative and
probably more reliable method is to predict
the narcosis of a mix by comparing the
partial pressures of the combined nitrogen
and oxygen components of the mix with the
equivalent air depth or pressure, thus
accounting for the possible narcotic effects
of oxygen. It was to avoid the dangers of nar-
cosis during stressful dives to caves and
wrecks that some safety-conscious divers
began to add helium to their breathing mix-
tures, leading to the development of techni-
cal diving.

DECOMPRESSION

Before discussing the role of gases in decom-
pression, it is pertinent to review, from an
operational perspective, the two major
diving categories that are related to decom-
pression patterns, namely, saturation diving
and short-duration nonsaturation diving.
The second type of diving is also called
“bounce,” “stage decompression,” or “sub-
saturation” diving. These are discussed more



specifically in relation to gas properties later
in this chapter.

Decompression Patterns
SATURATION DIVING

“Saturation,” when referring to decompres-
sion, means that a diver has taken up enough
gas so that more time at pressure does not
add to the decompression obligation. In
other words, saturation decompression is
independent of the bottom time and there-
fore is only a function of the bottom depth
and the gas mixture. In practice, a diver is
saturated in less than 24 hours, but certain
procedures can detect a difference between
24 and 48 hours of exposure to pressure.
Divers in saturation live in a chamber or sea
floor habitat and excurse to the worksite,
usually without a significant pressure change.
Decompression from saturation may take
from a third to nearly a full day per 10 msw of
ascent, depending on the gas mix and the
starting depth, and the pattern may be a
linear “slow bleed” or may take place in small
steps or stages.

NONSATURATION DIVING

The most common decompression pattern is
direct ascent to surface pressure without
stops using a profile designed not to require
stops. Most recreational and many commer-
cial dives are carried out this way. These
are called “no-decompression” or “no-stop”
dives; the latter term is used because all
dives involve decompression even if they
might not require stops. Other nonsaturation
dive patterns include “stage” decompres-
sion, in which the diver makes one or more
stops on the way to the surface; these stops
may be done in the water or in a chamber
and may involve various techniques. One of
the more common types of stage decompres-
sion is surface decompression, which
involves a transfer from the water into a deck
decompression chamber at the surface,
where the decompression is completed.

Role of Gases in Decompression

The current practice for preparing decom-
pression tables by most practitioners is to
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calculate decompression on the basis of the
inert gas partial pressure and more or less to
ignore the oxygen, but others feel it is some-
times necessary to account for the oxygen.
The role of oxygen also depends on the
decompression profile. The role of inert
gases in decompression has been analyzed
by Weathersby and colleagues.!"18

For bounce diving, the predominant gas
effect on decompression is the oxygen level,
with inert gas properties being of secondary
importance. In saturation decompression,
the nature of the inert gas is the primary
factor dictating the speed of the decompres-
sion, but ascent rate is also proportional to
the starting depth and the Po, in the breath-
ing mix.!® The reason inert gas plays a
greater role in saturation diving is that the
exposures are so long that oxygen toxicity
sets upper limits on the Po, level that can be
used. These effects are well established
empirically and clearly demonstrable. Satu-
ration decompression with helium as the
inert gas takes about one third the time that
it does with nitrogen.

The inert gas effects are different in short-
duration diving. Helium tends to be taken up
more rapidly than nitrogen and there is then
a lot of it to unload, and thus short dives
with nitrogen as the inert component have
shorter decompressions. An inert gas switch
from helium to nitrogen can improve the
decompression from a heliox dive. The
oxygen level in both the bottom gas and the
intermediate decompression gases is impor-
tant in achieving optimal decompression.
High oxygen content results in faster decom-
pression but must be kept within tolerance
limits, of course. Interestingly, when calcu-
lated with the same risk factors, decompres-
sions that are made shorter by the use of
oxygen also tend to be more reliable. The
probable explanation for this is that the
shorter exposure time involves less chance
for bubble formation, but less time during
decompression also allows less gas to build
up in the tissue.

Isobaric Counterdiffusion

In an experiment by scientists from Duke
University conducted at the United States
Navy Experimental Diving Unit in Washington,
D. C., divers saturated with and immersed in
normoxic helium-oxygen at 7 atm began to
breathe a normoxic oxygen-nitrogen mixture.
In a few minutes, they began to itch and
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experienced a rash similar to skin bends.
This was at first thought to be due to gas
osmosis.? In a subsequent experiment at the
University of Pennsylvania, gas-containing
skin lesions developed in divers exposed to
pressures up to 37 atm when breathing mix-
tures containing nitrogen or neon while satu-
rated in a helium-oxygen environment.!!
These skin lesions did not form when divers
were placed in a sealed suit and surrounded
by the same gas as the one being breathed or
when the skin was covered with foil to
exclude the external helium.

Graves and colleagues?! reported further
on this phenomenon and hypothesized the
diffusion kinetics responsible for the effect
on the skin, leading to the now-established
term counterdiffusion. This effect occurs with
two gases having different diffusion and
solubility coefficients; the rapidly diffusing
gas moves into the tissue, whereas the
more slowly diffusing (or more soluble)
gas does not move out as fast, resulting in a
local supersaturation. This “superficial inert
gas counterdiffusion” depends on gas diffu-
sion through the skin and occurs when a
subject immersed in a lighter, more rapidly
moving gas breathes a heavier, more slowly
diffusing gas. This leads to lesions in the
skin and possibly vestibular lesions. Similar
counterdiffusion apparently occurs in the
inner ear, but this has not been demon-
strated experimentally.2

Another category of counterdiffusion,
deep tissue counterdiffusion, occurs in
tissues that may not be exposed to external
gas and depends on tissue perfusion to
supply and remove inert gas. It results from
switching of the breathing gas from a heavier
or more soluble gas to a lighter one. Some

Figure 6—1. Demonstration of counterdiffusion. The
sum of calculated tissue gas supersaturation after
switching the breathing gas from saturation with 90%
nitrogen at 60 msw (70 mswa) to 90% helium at time
zero. Compartment half-times used for nitrogen and
helium, respectively, are as follows: compartment
3-25, 20; compartment 6-145, 80; compartment
9-385, 160; compartment 11-670, 240. The dotted line
shows the M-value (maximum tolerable
supersaturation) for compartment 6 at 60 msw;
slower compartments are slightly lower. This
predicts that bubble formation is likely within 2 or

3 hours after the switch. The partial pressure is
expressed in meters seawater absolute (mswa).
Cmpt, compartment.

gas switches that cause supersaturation lead
to formation of gas phases while the diver is
under pressure; examples are air to helium,
hydrogen to helium, and, in experimental
animals at 1 atm, nitrous oxide to helium.?
The subject has to be relatively loaded with
the heavier gas. This can lead to a condition
that is essentially the same as clinical
decompression sickness.

The Hydra V experiment by Comex
showed that the narcotic properties of hy-
drogen would counteract many HPNS symp-
toms during compression to 46 atm. During
decompression from “hydreliox” (a trimix of
oxygen, helium, and 55% hydrogen), divers
switched to a helium background gas and
promptly developed Doppler-detected bub-
bles and “niggles” and therefore had to
undergo recompression treatment. Subse-
quent decompression involved slower
switching to allow equilibration, thereby
avoiding this problem.!0

In operational diving, gas switches sus-
pected of causing a counterdiffusion problem
have to be accompanied by a small pressure
increase to avoid supersaturation.?426 The
same measure applies to treatment of gas
lesions; in treating a diver soaked with
nitrogen, it is advisable when switching to
helium to compensate for counterdiffusion by
compressing at the same time.

Despite these well-established results,
many experienced divers are still suspicious
that any gas switch may predispose to
decompression disorders. Figure 6-1 shows
the theoretical buildup of supersaturation
after a switch, offering a possible mecha-
nism for gas-phase formation in tissues
during switching of gases at fixed ambient
pressure.

Pressure, mswa

Cmpt 11

0 400 800 1200 1600 2000 2400
Time, min




OXYGEN IN MIXED-GAS
DIVING

The ability to control oxygen in a breathing
mixture is a major incentive for using mixed
gas. This requires a consideration of the
physiologic actions as well as the toxicity of
oxygen.

Benefits of Oxygen

More than half a century ago, Lambertsen2’
showed the benefits of oxygen in mixed-gas
diving, these benefits are still under study.
Oxygen can replace the inert gas in a diver’s
breathing mixture, and because the evolu-
tion of inert gas is the cause of decompres-
sion problems, judicious use of oxygen can
improve decompression.

Behnke?$ coined the term oxygen window.
The gradient tending to remove inert gas is
caused by the metabolism of oxygen in body
tissues and thus allows “isobaric” decom-
pression. This was called the “partial pres-
sure vacancy” by Momsen? and “inherent
unsaturation” by Hills.30

The fundamental concern about mixed-
gas diving, whether saturation or bounce, is
to have the right oxygen concentration. Too
much or too little oxygen can be fatal. A strik-
ing number of fatal accidents among divers
using mixed gases are due to improper
oxygen concentration. During one period of
several years of intense commercial diving
activity in the North Sea, more than half the
fatalities were caused, in some way, by a
diver’s breathing a gas mix with the wrong
amount of oxygen for the situation—often
too little oxygen or none at all. A predomi-
nant cause of fatalities in technical diving is
too much oxygen in the breathing gas for the
current pressure. In both commercial and
technical diving situations, it appears that
the overwhelming problem is using the
wrong mixture rather than defining, mixing,
or analyzing it incorrectly, but these factors
are important as well.

Although the basic role of oxygen is the
same in both bounce and saturation diving,
oxygen is effective in different ways. In short-
duration bounce diving, almost all efforts to
improve decompression involve manipulat-
ing the oxygen, with only modest benefits
being derived from changing the inert gas. In
saturation diving, the inert gas is usually
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fixed and not changed during a given opera-
tion but the specific inert gas used has a pro-
found effect on the dive. The oxygen level
must range within rather narrow limits, but
the level chosen does have a strong effect
that is well correlated with the efficiency of
the decompression.!?

In air diving, the fixed oxygen fraction
(Fo,) limits the possibility for manipulating
the oxygen. However, air diving can be
improved by the diver’s breathing oxygen
during decompression. This has been in
practice for some time—long before comput-
ers made it relatively easy to generate
custom decompression tables—by the use of
tables such as the United States Navy
Exceptional Exposure tables for air,3! with
the substitution of oxygen for air during the
later, shallower stops (this is best done at
6 and 3 msw because at 9 msw oxygen is too
toxic). This tactic can make these otherwise
risky tables quite reliable. More recently,
specific tables have been prepared for use of
in-water oxygen.’?3% Yet another way that
oxygen can be used in air diving is to breathe
it during the interdive surface interval to
improve decompression during a repetitive
dive.3*

For open-circuit diving with fixed mixes,
wherein the Fo, can be controlled, the most
prevalent and efficient method is to use an
optimal level of oxygen in a bottom mix oth-
erwise designed to minimize narcosis, to
switch to one or more intermediate mixtures
higher in oxygen (air may be one of these),
and then to switch again to pure oxygen.
Switches during ascent are beneficial
because with a constant fraction of oxygen in
a mixture, the Po, decreases as the diver
ascends to lower pressures. Intermediate
mixes may also involve a change of inert gas
followed by in-water oxygen or oxygen in a
deck chamber as surface decompression. For
commercial operations, practical matters
tend to dictate the mixtures used, because
having a consistent mix may be much more
important operationally than a small short-
ening of decompression time. For example, a
widely used but still proprietary set of
commercial decompression tables desig-
nated Oceaneering Alpha is designed to
use a single mix—10% oxygen in helium—
over a wide range of bottom depths (30 to
120 msw or 100 to 400 fsw) and a single inter-
mediate mix of 50% oxygen and 50% nitro-
gen. Bottom mixes higher in oxygen can be
used as long as they do not exceed the
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company’s oxygen exposure limits, and with
the same tables these mixes provide greater
conservatism but not necessarily faster
decompression.

Practices leading toward more complex
operations include those for which specific
custom decompression tables are generated.
These tables normally would involve mix-
tures chosen to be optimal, and tables would
be generated specifically for the particular
dive or operation. The decompression
pattern may be similar to the one described
in the previous paragraph, with a bottom
mix, one or more intermediate mixes, and
then oxygen, but by using more mixes,
greater oxygen efficiency may be realized.
The intermediate mixtures are selected to
keep the oxygen level maximal but within the
tolerance limits. This technique, which has
its roots in commercial diving, has been used
in operations such as deep cave exploration
in which many tanks of gas are needed;
because several tanks are needed anyway,
the cost of varying the mixtures becomes
less burdensome.

Another innovation is the oxygen-con-
trolled rebreather. Several contemporary
rebreathers, including those used by the
United States Navy, control the oxygen to a set
partial pressure, thus making it possible to
provide a near-optimal oxygen level through-
out the dive. Some rebreathers are especially
efficient because they monitor the oxygen
level and compute the optimal decompres-
sion with a built-in dedicated dive computer.

One other application of high-oxygen
exposures with mixed gases is for the treat-
ment of decompression disorders; these are
covered in detail in Chapter 10.

Hypoxia

Overwhelmingly, the greatest hazard pertain-
ing to oxygen in mixed-gas diving is not
having enough of it. Although hypoxia is not
a concern for most divers or a major
problem in air diving, mixed-gas diving
inevitably introduces the possibility of a
diver’s getting a mixture without adequate
oxygen. This can result from breathing the
wrong mix or from breathing the right mix at
the wrong pressure. Rebreathers are notori-
ous for allowing hypoxia to develop without
warning.

As an example of hypoxia, a 10% mix
might make some divers dizzy if breathed at

surface pressure, but its partial pressure is
adequate at pressures beyond 2 atm. An
hypoxic situation can arise when a satura-
tion chamber is decompressed without the
addition of extra oxygen, as might occur if a
dive is aborted before the divers are satu-
rated. For example, for a 300 msw dive (a
pressure of 31 atm), in order to have a
storage Po, of 35 kPa (0.35 atm, the equiva-
lent of 35% oxygen at sea level), the fraction
of oxygen in the chamber at maximum pres-
sure would be a little over 1%. This would be
an inadequate level of oxygen at any pres-
sure less than about 10 atm. As a counter-
measure, the practice among divers in the
North Sea is to always have a small amount
of oxygen in gases that are taken offshore—
even 2.5% oxygen is enough to keep a diver
alive and generally conscious at a pressure
greater than 3 or 4 atm.

Hypoxia is a real threat. It can cause debil-
itation, unconsciousness, and even death if
extreme enough. An insidious aspect of
hypoxia is that it tends to make the victims
euphoric and unconcerned about their
welfare.

Central Nervous System
Toxicity

The techniques for avoiding central nervous
system (CNS) toxicity are straightforward in
most cases of commercial and military
diving: Keep the oxygen level low enough to
prevent any reasonable possibility of convul-
sion. In general practice, this is a Po, level of
less than 1.4 to 1.5 atm. Commercial divers
and some military divers have a decent
chance of surviving a convulsion because
they wear fullface masks or helmets that
remain in place during a convulsion and they
have communications and lifelines and can
therefore usually be rescued with little risk.
Untethered technical divers using scuba
equipment are at much higher risk for CNS
oxygen toxicity. For one thing, they think
that they must do whatever they can to min-
imize decompression time because of the
limited gas supply, and one way to accom-
plish this is to raise the oxygen level, thereby
increasing the oxygen exposure.
Furthermore, these divers are untethered,
they have no communications, and worst of
all from the standpoint of CNS toxicity, they
breathe through a mouthpiece. The first
event occurring during a convulsion is an



Table 6-2. NOAA oxygen exposure
limits

Po, Maximum Single Maximum per
(atm) Exposure (min) 24 hr (min)
1.60 45 150

1.55 83 165

1.50 120 180

1.45 135 180

1.40 150 180

1.35 165 195

1.30 180 210

1.25 195 225

1.20 210 240

1.10 240 270

1.00 300 300

0.90 360 360

0.80 450 450

0.70 570 570

0.60 720 720

These limits are appropriate for managed diving situations, but
the upper limit (1.6 atm) is not recommended for untethered
divers breathing by mouthpiece (a maximum of 1.4 atm is
preferred). A series of repetitive dives may be accumulated
within a single limit. If the single exposure limit is exceeded, a
2-hour wait is recommended. If the daily limit is exceeded, a
12-hour wait is recommended.

Data from Joiner JT (ed): NOAA Diving Manual: Diving for
Science and Technology, 4th ed. Silver Spring, Md., National
Oceanic and Atmospheric Administration, 2001.

evulsive movement of the tongue and jaws,
which invariably causes the diver to expel
the mouthpiece. Even if another diver
attempts rescue, it is generally impossible to
reinsert the mouthpiece until the convulsing
diver begins to breathe again—but in this
case, the breathing medium will be water.
There have been some dramatic rescues of
convulsing divers, but there have also been
many fatalities. Successful rescue is much
more likely if the diver is wearing a full-face
mask or is near the surface, or both.

The exposure guidelines technical divers
use to manage oxygen toxicity are derived
from those published in the NOAA Diving
Manual (Table 6-2).%536 The upper range of
these limits (e.g., an allowed exposure of
45 min at 1.6 atm Po,) is appropriate for teth-
ered and helmeted divers or for divers doing
very light work, but from recent experience,
these limits pose too much risk for unteth-
ered divers breathing through a mouthpiece.
Thee divers generally use a maximum Po, of
1.5 or, even better, 1.4 atm. Interestingly, the
decompression penalty on most technical
dives for such a reduction of Po, (from
1.6 atm) is only a few minutes. Because the
limits are for specific times and Po, levels,
divers have learned to interpolate depth,
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time, and Po,, keeping records of their “CNS
%” or “oxygen limit fraction,” the portion of
the published limit that has been reached.?”
There is no research basis for the method of
interpolating between limits, but it has
apparently worked in extensive field experi-
ence. Despite these misgivings, a workshop
representing a broad sector of the relevant
diving community has endorsed the 1.6 atm
limit.38

Another approach is that of Harabin and
colleagues,®® who used maximum likelihood
statistics to predict CNS toxicity. Using data
mostly from exposures to pure oxygen in the
water, their analysis shows that risk
increases nonlinearly as a function of oxygen
level and time of exposure, with the risk
increasing sharply with oxygen levels above
threshold values and being significantly
attenuated by intermittent exposure. In a
report based on work with animals and some
data from humans, Arieli and colleagues
derived a simple relationship based on the
square of time and a power function of Po,, of
the following form:

K = £2(P0,)¢

where K is a cumulative oxygen toxicity
index such that symptoms appear when the
index reaches a certain threshold level, and c
is a variable determined from the data.*® This
equation can be applied to both pulmonary
and CNS toxicity.

Whole-Body or Pulmonary
Toxicity

The other types of oxygen toxicity of
concern to divers are all included here in a
category known as whole-body toxicity. When
an exposure to hyperoxia (here this means to
a Po, level > ~50 kPa or 0.5 atm) is low
enough not to cause convulsions, the
exposed person will, in time, experience a
variety of other symptoms. These occur
mostly during multiday oxygen-intensive
diving operations or saturation-type expo-
sures. As described in Chapter 12, the main
manifestation is in the lungs, and this
affliction has traditionally been called pul-
monary oxygen toxicity. There are other
symptoms, with a syndrome of vague condi-
tions developing after several days of expo-
sure, sometimes in divers showing little or
no pulmonary manifestation. Nonpulmonary
symptoms include headache, nausea, lack of
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aerobic capacity, paresthesias, and general
malaise, leading to the term whole-body
toxicity.

Pulmonary effects, specifically the reduc-
tion of vital capacity, nonetheless are the
primary measure of whole-body toxicity. In
the early 1970s, Dr. Lambertsen’s laboratory
developed a mechanism for monitoring lung
toxicity. The method uses a unit derived
from a curve fit to empirical data, which was
labeled the unit or cumulative pulmonary
toxicity dose (UPTD or CPTD).*142 Without the
need to identify or distinguish between
these, most current practitioners of oxygen
tolerance techniques just call these oxygen
tolerance units (OTUs). The equation for

calculating OTUs is the same as for UPTDs:

Figure 6-2. Repex whole-body operational
exposure limits. For a diver starting fresh,
the daily exposures in oxygen tolerance units
(OTUs) are totaled and compared with the
curve for allowable exposure.*34446 Divers
whose cumulative oxygen dose falls below
the curve can normally avoid all but mild,

3000
operationally acceptable symptoms. )
Recovery takes place when exposure is to '6
less than 0.5 bar Po,. Recovery rate is about 2000 |

300 OTUs/day. See also Table 6-3. (Redrawn
from Hamilton RW, Kenyon DJ, Peterson RE:
Development of decompression procedures
for undersea habitats: Repetitive no-stop and
one-stop excursions, oxygen limits, and
surfacing procedures. In Bove AA, Bachrach
Al, Greenbaum LJ Jr [eds]: Underwater and
Hyperbaric Physiology IX. Bethesda, Md.,
Undersea and Hyperbaric Medicine Society,
1987.)

PO,-05)"
05

OTU = t(

where t is the duration of exposure in minutes,
Po, is the oxygen partial pressure in atm, and
0.5 is the exposure threshold in atm, below
which effects are negligible.

The Lambertsen method, as published,
provides a “unit,” but it functions within
narrow operational limits. It does not explic-
itly provide for multiday exposures or for
recovery. A more recent project sponsored
by the National Oceanic and Atmospheric
Administration (NOAA) to explore repetitive
excursions from saturation produced a set of
mission-related guidelines for monitoring
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Table 6-3. Repex Operational Oxygen Exposure Limits

Duration of
Exposure (Days)

—_
SOXRXTIDULRA WN —

11
12
13
14
15-30

Daily Exposure
Limit (OTUs)*

850
700
620
525
460
420
380
350
330
310
300
300
300
300
300

Total Exposure
Limit (OTUs)
850
1400
1860
2100
2300
2520
2660
2800
2970
3100
3300
3600
3900
4200
As required

*The daily limit is based on overall number of days of exposure. The center column shows
the average daily limit for the number of days indicated, provided this does not exceed the
stated total in column 3.% Also see Figure 6-2.

OTUS, oxygen-tolerance units.



oxygen tolerance. This method, designated
by the project name Repex, showed that
exposure could be monitored for a multiday
mission and that empirical limits for each day
of a multiday exposure to hyperoxia could be
used to predict a trouble-free exposure.*-45
Tables simplify the calculations,*647 and
oxygen tolerance limits can be evaluated
with a graph (Fig. 6-2) or numerically
(Table 6-3). These limits do not directly con-
sider CNS toxicity.

Using a larger database than that used by
Lambertsen’s team, Harabin and colleagues
produced a useful linear algorithm for pre-
dicting the vital capacity decrement result-
ing from oxygen exposure.*8

Oxygen as an “Inert” Gas

Although the beneficial role of oxygen in
diving is as a replacement for inert gases,
under certain circumstances it may act as an
inert gas itself. Oxygen, no doubt, is a com-
ponent of gas bubbles in the body, but this
is usually at a level too low to be of major
significance. However, when oxygen is in
excess of the concentration that can be
immediately consumed by the tissue, it may
be necessary to plan for the oxygen compo-
nent when calculating decompression tables.
This is mentioned again later in the discus-
sion of oxygen-enriched air.

SATURATION DIVING

As mentioned earlier, a saturation dive may
require a lengthy decompression but one
that is independent of “bottom time,” the
time spent at maximum pressure or depth.
The practice of saturation diving is inti-
mately tied to the types of gases and the
pressures used. Saturation diving techniques
are used for almost all commercial and
military diving at depths beyond those easily
accessible by bounce diving (which may rou-
tinely extend to 100 msw). Operationally, the
saturation range depends on the specific
task, the environment, the job duration, and
other factors in addition to depth; in prac-
tice, for petroleum exploration and produc-
tion, most offshore dives deeper than the
air-diving range of 50 to 60 msw are normally
done by saturation, but the technique may
be used at depths as shallow as 20 msw if
dictated by job conditions and the equip-
ment is available. In the developmental

Chapter 6 Mixed-Gas Diving 107

stages of the offshore oil diving industry,
dives to as deep as 200 msw were made as
bounce dives with stage decompression, but
the risks were high, even for the few compa-
nies that undertook such dives (the inci-
dence of DCS was high); clients (the oil
companies that hired the diving services)
soon learned that they were better off paying
for saturation dives and avoiding the opera-
tional uncertainties—and frequent lawsuits
—brought on by subsaturation dives to
these depths.*

Saturation divers live on the deck of a
support ship in a chamber that has a sophis-
ticated life-support system to maintain
precise conditions of pressure, gas mixture
(particularly Po,), temperature, and humid-
ity and that also provides other essential
amenities such as bunks, a shower, a toilet,
and food. Meals and supplies are passed in
and waste is passed out through a small
transfer lock. The living chamber is usually
maintained at a “storage depth” (i.e., at a
pressure equivalent to a depth) that is
almost identical to the depth of the worksite,
and the divers therefore need little or no
pressure change when they go to work. A
pressurized transfer chamber—normally
called a bell but more formally called a sub-
mersible decompression chamber or person-
nel transfer capsule—is mated to the living
chamber and delivers divers to and from the
worksite at constant pressure (Fig. 6-3).
Many details of saturation and other com-
mercial diving operations are covered in the
monograph by Lettnin.>0

Saturation Diving with Heliox

An important advance in diving technology
resulted from the work of U.S. Navy doctor
George Bond and coworkers, who conducted
the earliest saturation experiments with
helium-oxygen mixtures.”"2 These investiga-
tors determined that oxygen was the toxic
element in long exposures to compressed air,
and they demonstrated that divers could
spend prolonged periods (weeks) under pres-
sure without serious physiologic changes if
the Po, was maintained within the normal
range. Currently, working saturation dives are
routinely conducted at depths as shallow as
about 30 msw and to depths routinely over
300 msw in the open sea; these may last for up
to 3 to 4 weeks with the use of techniques
developed initially by the U.S. Navy and
expanded by commercial companies.
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Figure 6-3. Saturation diving system, or deep-
diving system. The bell is shown with the
handling system that swings it over the side and
lowers it on guide wires to the worksite. The
living chamber with some of its piping is below
the bell and to the right. (Courtesy of
International Underwater Contractors, City
Island, NY.)

Maintaining a normoxic Po, atmosphere
(0.3 to 0.4 atm oxygen is normally used,
which is actually a little higher than the sea
level value) requires that the oxygen per-
centage be held to a tolerance of about
+0.10% to avoid hypoxia and oxygen toxicity.
Figure 6-4 shows the typical percentage of
oxygen in heliox for various depths. To get
the desired Po, of 0.35 atm at 300 msw
requires a mixture with an oxygen concen-
tration slightly greater than 1%, with a toler-
able range between 0.65% and 1.50%.
Normally, the mixture is blended in the
chamber during initial compression by selec-
tive addition of air and helium and is main-
tained by replacing metabolically consumed
oxygen. In some early operations, it was con-
sidered necessary to minimize the nitrogen
content, but the benefits of low levels of
nitrogen are now generally accepted. Accu-
rate analysis and constant surveillance of
the oxygen level are necessary.

Sometimes vertical excursions are made
to depths deeper or shallower than the
habitat. In normal practice, divers travel only
the vertical distance that can be managed on
a no-stop basis; the United States Navy has
developed “unlimited duration” no-stop
excursion tables for saturation depths to
300 msw.535* Timed excursions, which would
combine the techniques of saturation and
bounce diving, offer good prospects for
improved operational efficiency, but their off-
shore use has not been extensive. More
extensive excursions are in limited use
because of lack of knowledge of effective
techniques®-57 and because excursions may
consume extra gas to pressurize the diving
bell. Once they are committed to a saturation
dive, operators think that there is little

benefit to maintaining a lower storage pres-
sure, even though a lower pressure is inher-
ently safer and the final decompression is
shorter. Large excursions associated with
shallow saturation storage depths are an
attractive but relatively undeveloped option
for shorter jobs. Vertical excursions are well
developed for nitrox habitat diving (see
later).

The Helium Environment

Several unique problems result from the
helium component of the saturation gas.
Because it is a small molecule, helium is
highly diffusible and can penetrate pressure
seals not affected by nitrogen. Electronic
parts, cables, vacuum tubes, and pressure-
proof watches are examples of equipment
that has been damaged by penetration of
helium (one of the Rolex watches made for
deep diving even has a tiny valve to let
helium out). Helium has been found to
diffuse through glass into cathode ray (tele-
vision) tubes. However, design modifications
of the equipment to be used in heliox envi-
ronments, which often effectively eliminate
exposure of the item to helium, have solved
most of the problems arising from helium
diffusion.

A superficially amusing but actually quite
troublesome problem with a helium atmos-
phere is the change in voice characteristics
caused by the properties of helium.?® The
high-pitched cartoon-character quality of the
voice causes voice communication with
divers to be difficult at best and in many
cases impossible. Electronic voice un-
scrambling has improved communications
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Figure 6—4. Range of oxygen concentrations for deep saturation diving. The heavy solid line represents the oxygen
concentration needed to maintain 0.35 atm, a common choice for Po,. The lower line represents the oxygen
concentration needed to maintain the normoxic level of 0.21 atm. The dotted line represents the upper limit of
continuous exposure to avoid whole-body toxicity, 0.5 atm. The low oxygen concentrations needed are difficult to
mix and analyze within acceptable tolerance limits, and they are therefore usually mixed as the chamber is being

pressurized.

significantly. Unscramblers reconstruct
normal voice characteristics by frequency
filtering and spectral shifting. The resultant
voice, although not ideal, makes it possible
for divers to communicate with their support
teams and each other.

Helium has a high thermal conductivity,
generally characterized as being six times
that of air. As a result, divers living in a heliox
environment suffer an exceptionally high
level of heat loss, especially at elevated pres-
sure, because heat loss is increased in
denser gas. Even when divers think they are
comfortable they may be experiencing sub-
stantial heat loss. This leads to an increase in
food consumption, yet despite increased
intake, weight loss is quite common in satu-
ration divers.”® The comfort zone between
feeling too cold or too hot is very narrow; a
thermally neutral temperature (which is
influenced by pressure) may be approx-
imately 34°C. In the high-pressure helium
atmosphere, food is nearly tasteless and it
cools almost instantly, augmenting the
problem of maintaining weight; tasty meals
can be provided to divers in saturation at
high pressures, but with considerable
effort.50

Another prominent problem of deep
diving with helium is HPNS, discussed in
detail in Chapter 11. Helium is not respon-
sible for HPNS; the condition is the direct
result of the effect of hydrostatic pressure
and begins to be noted in excess of approx-
imately 15 atm. However, helium is impli-
cated because it is the inert gas of choice for
diving in the pressure ranges at which HPNS
is prominent and because its total lack of
narcotic properties allows HPNS to be un-
masked. Taking advantage of this point,
Bennett and colleagues found that adding a
narcotic gas (e.g., ~5% nitrogen) to the
diver’s breathing mixture relieves the tremor
of HPNS dramatically in dives to the range of
30 to 45 atm improves diver performance.86!
This group calls the resulting mixture trimix,
but this is not to be confused with the trimix
used in short-duration trimix technical
diving, which is covered later in this chapter.
Hydrogen, also, can ameliorate symptoms of
HPNS. 10,62

Although the condition is not limited to
heliox dives, a major medical concern with
saturation diving is the prevention of exter-
nal otitis in divers. This condition, the same
as swimmer’s ear, can be tenacious and is
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caused usually by strains of Pseudomonas (a
gram-negative bacteria). An infection break-
ing out in a team of saturation divers can
lead to the loss of one or more divers from
the work crew for a few days or, at worst, to
the dive being aborted. Infection can be pre-
vented by rigorous hygiene, daily prophylac-
tic treatment of the ears with Burow’s
solution (Domeboro), and monitoring for
diagnosis if necessary. Treatment for estab-
lished infection consists of topical use of
strong antibiotics such as polymyxin and
gentamicin.

Nitrox Saturation
and Excursion Diving

Saturation diving is also done with mixtures
of oxygen and nitrogen. As with helium mix-
tures, the Po, in the living chamber must be
maintained in the tolerable range between
hypoxia and toxicity, and as with helium
mixes, this is usually a Po, of 0.3 to 0.4 atm.
To achieve this Po,, oxygen-nitrogen mix-
tures with a reduced oxygen percentage are
used. These mixtures are called nitrox. This
was the original use of the term nitrox, which
is now also sometimes used to describe
oxygen-enriched air mixtures used in diving
(these are covered later in this chapter).

For most nitrox saturation diving, the
“lockout” or “excursion” breathing gas is air.
Although some diving in the air range is done
with these mixtures (nitrox in the chamber
and air on the lockout) in the manner of tra-
ditional saturation diving with heliox, by far
the most effective and widely used applica-
tion for nitrox saturation is for vertical excur-
sions. This concept is most developed in the
practice known as habitat diving. Divers live
in ambient-pressure habitats located on the
sea floor. A habitat is filled with gas and open
to the sea through hatches on the bottom.
Aquanauts live inside the habitat and exit
into the water for work. The work may be at
a depth different from the habitat, usually
deeper, in which case the divers travel to the
worksite using procedures for vertical excur-
sions, normally with air as the breathing
gas.0364 Nitrox saturation-excursion diving is
often called NOAA OPFS (for NOAA opera-
tions) diving; the procedures for making no-
stop excursions have been published.®® The
NOAA-sponsored project Repex, mentioned
earlier, and a follow-up experiment extended
the NOAA OPS technique to include deeper

and longer excursions as well as excursions
with stops.® NOAA currently operates the
habitat Aquarius, which has been located in
the United States Virgin Islands and now the
Florida Keys for studies of coral reefs.

Interestingly, with air excursions, divers
can get enough exposure to oxygen that
whole-body or pulmonary oxygen toxicity
becomes a limiting factor. Divers diving with
air from sea level are not likely to reach
oxygen tolerance limits because the need for
decompression sets limits on the exposure,
but tolerance limits can be reached by divers
saturated near the pressure of the worksite.
As described earlier, an algorithm for manag-
ing the resulting exposure to oxygen was
also developed by Repex.

Numerous shallow-habitat saturation
exposures have been carried out since the
1960s. Habitat depths for these dives have
ranged from less than 10 to more than 40
msw (30 to 140 fsw) and have employed both
normoxic nitrox mixes and air.54 It has been
found that air can be used as the atmosphere
in the chamber for pressures lower than
about 15 msw (NOAA's limit is 50 fsw), but at
greater depths, the toxicity of the oxygen in
air will, in time, be too high, exposing the
divers to whole-body toxicity and thus limit-
ing the tolerable duration of the exposure.>

Nitrox mixtures lead to problems with nar-
cosis at habitat depths greater than about
35 msw, and helium saturation diving tech-
niques are commonly used beyond that
depth. NOAA has developed procedures
whereby divers living in a nitrox habitat can
make excursions using oxygen-helium mixes
or oxygen-helium-nitrogen trimixes, increas-
ing the effective excursion range to as great
as 80 msw.

One of the methods of preparing the
habitat mix for a nitrox saturation, the
method of “breathing down” the oxygen, is
shown in Figure 6-5. The objective with this
method is to prepare a mixture of oxygen
and nitrogen having a Po, of about 0.35 atm,
starting with a chamber filled with air. The
figure shows how the desired mix can be
reached by pressurizing the chamber with
air and having the divers consume the
oxygen in the atmosphere until enough of the
oxygen is removed. This example assumes a
chamber fixed volume of 10 m? at a pressure
of 3 atm absolute (20 msw), or 30 m? of air,
which holds about 6300 L of oxygen. With
four resting divers each consuming 0.3 L/min
of oxygen for a total of 1.2 L/min, which is
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Figure 6-5. The “breathing down” method of preparing a nitrox habitat atmosphere. A chamber volume of 10 m?
with four divers, each consuming oxygen at 0.3 L/min, is assumed. The upper solid line shows the pressure, which
increases in a few minutes to 3 atm (20 msw). The lower pair of curves show the change in the fraction of oxygen
(Fo,) as oxygen is consumed, and the two center curves show the resulting Po,. The dotted and solid lines reflect
replacement of the consumed oxygen with air and nitrogen, respectively.

replaced with either pure nitrogen (solid
lines) or air (dotted lines), the chamber takes
38.9 hours or 49 hours, respectively, to reach
0.35 atm Po,, which is 11.7% oxygen. Either of
these is a modest oxygen exposure. Once the
Po, of 0.35 atm is established, this level of
oxygen is maintained by replenishing the
oxygen consumed.

A more typical procedure for preparing
the nitrox chamber atmosphere is to com-
press the chamber initially with a small
amount of air and to complete the com-
pression with pure nitrogen; the same tech-
nique is used with helium. Using the same
example, the chamber is pressurized with air
to 1.67 atm absolute or about 7 msw. This is
the target pressure that will result in a Po, of
0.35 atm (e.g., 1.67 atm [pressure of air] x
0.21 [Fo, of air] = 0.35 atm [Po, desired]). The
remainder of the compression is with 100%
nitrogen so that the Po, does not change as
the chamber is pressurized; the gases have
to be well mixed, a matter that can be
significant if helium is used for pressuriza-

tion. One disadvantage of this method, in
addition to the slightly greater cost for nitro-
gen instead of air, is that having a pure inert
gas connected to the diving system allows
the possibility of a mixture deficient in
oxygen being given to a diver to breathe.

Decompression from
Saturation Diving

Decompression from saturation is accom-
plished either with a gradual, more or less
linear ascent by a slow “bleed” of the diving
chamber or with very small (about 1 msw)
stage steps, from the “storage” depth to the
surface. The whole crew may undergo decom-
pression from saturation after the work is
over, but in some commercial “spreads” with
multiple locks, crews are cycled in and out
using locks; the living chamber is kept at pres-
sure, and work continues in shifts around the
clock or even around the calendar for an
overall saturation mission that may last many
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Figure 6-6. Decompression from heliox and nitrox saturation. The upper curve is for a heliox saturation dive at
450 msw using the Duke procedures used at GKSS¢! (German Nuclear Energy Research Facility) and requires about
19 days. The center curve is a recent U.S. Navy procedure® for decompression from 300 msw and requires about 11
days. The lower curve is from a Repex table used for the Chisat Il decompression from nitrox saturation at 25 msw;
it starts at 40 msw following excursions and requires a little more than 2 days*; it would start at 25 msw and be 9
hours shorter if excursions did not have to be accounted for.

weeks. During decompression, it is necessary
to add oxygen to the chamber in order to
maintain the Po, during the reduction in pres-
sure as well as to compensate for metabolic
consumption.

The rate of ascent depends on the inert
gases, the Po, of the breathing gas, and the
starting depth. Decompression is much
faster if helium is the inert gas than if it is
nitrogen; this is illustrated in Figure 6-6,
which shows decompression rates of about
3 atm/day for heliox and about 1 atm/day
for nitrox.

The deeper a saturation dive is, the slower
the ascent rate has to be. This is an empirical
observation that is not easily modeled, but
the reason could be that gas is coming out of
solution to form gas phase during the decom-
pression, and during a longer decompres-
sion, more gas can accumulate. Or, the
observation could be the result of the proba-
bility that in a longer decompression, decom-
pression sickness from a given bubble load is
more likely.

Because only low (slightly above nor-
moxic) oxygen levels can be tolerated for the
duration involved in a saturation decompres-
sion, the oxygen level has a relatively small
effect compared with the inert gas. However,
the rate of decompression, or “ascent rate,”
during saturation is quite sensitive to
changes in inspired Po, and, in fact, has been

found to be proportional to it. Vann,!® by
analyzing experimental and operational data,
found that an acceptable ascent rate for a
trouble-free decompression could be deter-
mined using a parameter based on the pre-
vailing Po, (for a given inert gas and starting
depth). This has been called the Vann k
factor and is defined by the equation

Rate of ascent (msw/h) =
k (msw/hr/atm Po,) x Po, (atm)

A conservative Vann k for a 300 msw heliox
dive is an ascent rate of about 2.1 msw/h/atm
Po, (7.0 fsw/h/atm).!® For a typical Po, of
0.6 atm during ascent, the rate would be
1.26 msw/h. For a 30 msw saturation with
nitrox, Repex procedures suggest a Vann k of
1.2 msw/h/atm (3.9 fsw/h/atm).*>

A number of decompression patterns are
available for returning from a habitat dive.
The simplest is the one used commercially
in which the habitat is actually part of a
deep-diving system located at the surface,
and the divers go to the worksite or seafloor
habitat under pressure in a bell; decompres-
sion in the chamber ends with the divers
stepping out to sea-level pressure. A varia-
tion on this for a sea floor habitat is for
the divers to complete decompression to
surface pressure in the habitat, transfer into
the bell while still at surface pressure, and
then go to the surface in the bell at that



pressure; or they transfer under pressure
from the habitat to the surface chamber and
complete the decompression there. The
Hydro-Lab pattern (which lacked a bell),
now used by the Aquarius habitat, and the
Repex procedures have the divers decom-
pressing to surface pressure in the sea-
floor habitat, then pressurizing back to
habitat depth (pressure), at which time
they lock out and swim to the surface.
Another method usable for relatively shal-
low habitats is the FLARE (Florida Aquanaut
Research Expedition) method, in which
the divers leave the habitat, swim to the
surface, and undergo recompression in a
surface chamber for decompression; this is
analogous to surface decompression in
commercial diving.®3

A further complication of decompressing
from a habitat dive arises from having to
account for recent excursions. If divers
return from descending excursions and
immediately begin saturation decompres-
sion, they are much more likely to experi-
ence decompression sickness than if they
start from full saturation at storage depth.
No good algorithm exists for how much
delay is needed to start the saturation
decompression in a bubble-free condition
that would provide a smooth decompres-
sion; hold times at storage depth of 36 to
48 hours are recommended empirically. In
one method, used by Repex, the saturation
decompression is started at a point (a pres-
sure) that is within the distance covered
during the last excursion. This is intended to
slow the decompression from the excursion
before bubbles begin to form.

A new twist has been given to decompres-
sion from saturation dives by research by
the U.S. Navy on methods of accelerating
decompression from saturation at 3 to 4 atm
for rescuing survivors of a sunken subma-
rine. Attempts to speed up the decompres-
sion by giving massive amounts of oxygen
breathing during the transit proved to be
ineffective in eliminating decompression
sickness, and the oxygen exposures became
limiting. It was found that if the oxygen was
breathed prior to the beginning of ascent,
decompressions became much more efficient,
and even though the oxygen was breathed at
a greater depth, oxygen toxicity was less.67.68
This “prebreathing” is a common practice of
high-altitude aviators and balloonists and of
astronauts prior to performing extravehicu-
lar activities.®
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SHORT-DURATION MIXED-
GAS DIVING METHODS

Short-duration, or bounce, diving includes a
variety of methods of nonsaturation diving. It
embraces different diving communities, such
as commercial, military, scientific, recre-
ational, and technical divers, and it uses dif-
ferent types of equipment, including scuba,
surface-supplied, and bell bounce diving
equipment and rebreathers.

Surface-Supplied Diving
with Stage Decompression

The fundamental type of mixed-gas diving is
traditional stage decompression diving, in
which the diver—who is usually supplied
with breathing gas through a hose from the
surface—makes one or more stops on the
way to the surface (see Chapter 3). Stops are
most often done in the water, sometimes on
a suspended platform or stage, but they may
be in an “open” bell (open at the bottom) in
which the diver is enclosed but at ambient
water pressure. Stops are used instead of
continuous ascent because stops are opera-
tionally easier to perform.

The diver may undergo surface decom-
pression by ascending to the surface after a
few in-water stops, then recompressing in a
deck decompression chamber to breathe
pure oxygen for the remainder of the decom-
pression. Sometimes the diver transfers
under pressure to a bell and then to the deck
chamber for decompression without the
period at surface pressure. Surface decom-
pression has several advantages. The diver
is in a controlled chamber environment that
prevents loss of body heat, communications
are improved, and oxygen toxicity poses
minimal risk (also, shark attacks are not a
threat). Other advantages are that other
divers can be put into the water or the
diving-support vessel can break its moor and
get underway rather than remaining on
station for the total decompression time. The
main disadvantages of surface decompres-
sion are (1) that bubble growth may be initi-
ated during the surface interval, thus making
these decompressions less reliable unless
this problem is accounted for in the design of
the decompression table and (2) that the
time-urgent transfer to the chamber after
surfacing may predispose to accidents.



114 Chapter 6 Mixed-Gas Diving

There is no acceptable algorithm for deter-
mining the exact penalty for the surface
interval (or for determining how long the
surface interval can be), but a number of
methods account for bubble formation.
Available surface decompression tables have
not been reliable in North Sea work, partly
because the more difficult dives tend to be
done with surface decompression tech-
niques; statutory limits on the allowed
bottom time were found to dramatically
reduce the incidence of decompression sick-
ness and are in current practice, presumably
until reliable surface decompression
methods become available.”

Bell Bounce Diving

Deep nonsaturation commercial diving
usually involves a rapid descent to the
working depth in a diving bell (see Fig. 6-3),
a quick work period, and then a “long pull” to
the first decompression stop, which is fol-
lowed by many other stops and possibly by
gas switches performed with the divers in
the bell; divers usually transfer under pres-
sure from the bell to the deck chamber for
the final stops. This technique is widespread
and well developed, with the more techno-
logically advanced diving companies per-
forming such dives to as deep as 200 msw.
However, saturation is used more frequently
beyond a depth of about 50 msw.

In commercial and military diving, it is
paradoxical but understandable that the
saturation diver has acquired a higher
status than the bell diver; this is probably
because the senior divers take the more
lucrative saturation jobs, even though the
job of the bell diver is much more demand-
ing, requires greater skill, and involves a
higher risk. Or, it might be that the impres-
sive equipment spreads and manpower
loads required to do saturation diving, as
well as its cost and operational effective-
ness, cause it to assume greater impor-
tance, and diver status follows.

Technical Diving

A new category of diving with special gas
mixes began in the late 1980s. Recreational
diving was once limited to air, but now a
community of advanced sport divers have

become even more creative in the use of
mixes than even the traditional military and
commercial sectors.’’-™ The term technical
diving describes a category of special-mix
diving that, strictly speaking, is still recre-
ational diving—it is considered recreational
because the practitioners do it for enjoyment
rather than for employment—but it is still a
highly disciplined and professional undertak-
ing that does not belong with traditional
recreational diving. This is a method of self-
contained or untethered diving (i.e., without
a gas hose to the surface) that extends well
beyond the traditional boundaries of recre-
ational diving; an analogous comparison
would be that of technical mountain climbing
to hiking. To purists, a technical dive is one
that includes at least one change of gas mix
during the course of a dive (or it could be a
dive with a rebreather apparatus). The term
would therefore not normally be used to
describe a dive in the air range with a single
mix of enriched air, nor would a deep dive on
air be considered a technical dive. Others
use the term more loosely to describe any
dive that is not entirely on air or, in some
cases, any air dive that involves decompres-
sion stops; such dives are not necessarily
technical dives. For the record, from the late
1940s in the United Kingdom, diving with a
rebreather was called technical diving, using
military or ex-military equipment from the
World War Il era.

Technical diving involves the use of
special breathing mixtures and custom
decompression tables, together with special-
ized technology (Fig. 6-7). Special tanks are
employed that are larger than standard, take
higher pressures, or both; lightweight tita-
nium tanks that can bear high pressures are
available. Special attention is also given to
buoyancy control. Divers working in a
current or exploring a cave often use battery-
powered diver propulsion vehicles, or
“scooters,” to increase mobility. The lengthy
decompression stops are often carried out in
underwater decompression stations that
may be made of inverted cattle watering
troughs or well-anchored air-filled lift bags.
Divers with a high oxygen exposure some-
times use full-face masks instead of mouth-
pieces to improve chances of survival in the
event of a convulsion.

Dry suits offer improved thermal protec-
tion over traditional wet suits, and these are
made even more efficient by filling them with
argon, whose thermal conductivity is lower



Figure 6-7. A technical diver shown wearing the
complete outfit. Visible are dual back-mounted tanks,
dual side-mounted tanks (each of these has a separate
regulator, and there is a spare regulator on a long
hose), a smaller tank of argon for suit inflation, a reel
for managing independent ascent, lights, and a dive
computer (mainly for logging), all on a hooded dry suit.
Special thermal underwear and an adult diaper are also
included with this outfit. (Courtesy of Dan Burton.)

than that of air and especially lower than
that of helium. Argon’s conductivity is about
two thirds that of air, which increases its
insulating capacity by about 50%.7* An argon
tank should be rigged so that the gas cannot
possibly be breathed, or it should include a
low percentage of oxygen. When argon is
used in this way, counterdiffusion is not a
concern. Some other gases could provide
better insulation than argon (sulfur hexa-
fluoride or krypton), but these are too expen-
sive to be practical; carbon dioxide insulates
but causes skin irritation.

Open-sea technical divers carry all the gas
they will need because they cannot depend
on finding staged bottles or even the dive
boat. In a current, they may send up a float
and carry out decompression while drifting,
with the dive boat following along. “Drift
decompression” reduces the wind chill effect
of current and requires less effort to fight
the current (this avoids strenuous exercise
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during decompression, thus
decompression reliability).”1.72

It should be emphasized that some techni-
cal dives are high-risk ventures. They do not
meet the criteria for occupational safety and
are therefore basically unsuitable for com-
mercial diving operations. It should also be
stressed that divers contemplating technical
diving should be adequately trained and
should not even consider such diving unless
they have self-discipline and are willing to
acquire the necessary training, equipment,
procedures, gases, tables, and support to do
it correctly.

improving

DIVING GAS MIXES

Divers use many gases and gas mixes, along
with a variety of gas-management patterns.
These involve the use of air, oxygen-enriched
air, heliox, trimix, exotic mixes, or the mixes
created by rebreathers.

Air

Air is the basic diving gas. It is not the ideal
breathing mixture because of the narcotic
effects of nitrogen at increased pressure, its
density, the possibility of oxygen toxicity,
and its generally unattractive decompres-
sion properties. However, air is overwhelm-
ingly the gas of choice for commercial diving
in the range of depths to 50 msw. It is most
commonly supplied by hose from the
surface, and air diving uses any of several
decompression patterns, with staged ascent
being the most common (perhaps followed
by surface decompression). Air, usually with
scuba and without decompression stops, is
similarly the gas used for most recreational
diving and much military and scientific
diving. In some cases, the use of oxygen
during decompression greatly improves the
effectiveness of air as a breathing gas, either
in the water or in a chamber. Enriching air
with oxygen is another useful technique that
is covered in the next discussion.

Oxygen-Enriched Air (Nitrox)

The simplest mixed gas is air enriched with
added oxygen. An operational advantage
(and some problems) are introduced with the
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use of mixtures of oxygen and nitrogen that
have an Fo, greater than the 0.2095 normally
found in atmospheric air. The advantage is
solely one of a reduced decompression obli-
gation. The price for this is the expenditure of
special effort in mixing and handling the
breathing gas and the increased probability
of oxygen toxicity, both prob-lems introduc-
ing the need for appropriate training.

The introduction of enriched air to the
recreational diving community during the
late 1980s created some controversy, but the
use of oxygen-nitrogen mixes has a long
history. Toward the end of and after World
War II, mine-clearance divers extensively
used oxygen-rich mixtures of oxygen and
nitrogen (via rebreathers). The United States
Navy tested many such mixtures, with mixed
results. Work by Lanphier” showed that the
density of such mixes could exacerbate
carbon dioxide retention in divers predis-
posed to retain it, and for that reason he rec-
ommended the use of lower-density heliox in
rebreathers.” Oxygen-enriched air mixtures
were used commercially from the 1960s, par-
ticularly by Andre Galerne’s International
Underwater Contractors, but at the time this
was a proprietary technique.”” Galerne’s
success stemmed from his realizing that a
proper decompression table could be pre-
pared by considering only the nitrogen com-
ponent of the mix, but both International
Underwater Contractors and other commer-
cial companies were discouraged by the
complexity of the operations with such
mixes for normal surface-supplied diving. In
one major and quite successful commercial
enriched-air project, a Norwegian contractor
used a commercial on-line mixer involving
over 5000 working dives.”™

The use of oxygen-enriched air, commonly
called nitrox, in scuba operations has been
highly developed by NOAA for its under-
water scientists.3 A major reason for this
success was the continuous blending method
developed by Wells and colleagues,” a
method that prepares mixes accurately and
safely; a major advantage of this method is
that it minimizes the handling of high-pres-
sure oxygen, which is necessary when mixes
are prepared by partial-pressure blending
and other methods.? More sophisticated
methods of “enriching” air by removing
some of the nitrogen use physical processes
such as selective membranes or adsorption
with a molecular sieve (a synthetic zeolite
ion exchanger with high surface area).8!

Enriched-air techniques have become avail-
able to the recreational diving community, in
part because of the publication of both
mixing methods and decompression tables
in the NOAA Diving Manual.3>36.55
The introduction of enriched-air diving
into the recreational diving community
was accompanied by controversy, largely
because it was strongly promoted by those
wanting to train divers to do it and because
several unanswered questions underscored
the fact that this was a new technique that
the established recreational diving agencies
did not understand well.328% These issues
have been sufficiently resolved so that all the
major recreational diver-training organiza-
tions now teach enriched-air diving. Among
the issues were:
e Development of commercially available
mixing equipment
¢ Definition of an unofficial standard for the
air that was to be mixed with oxygen (the
level of condensable hydrocarbons or oil
mist should be < 0.1 mg/m?)
e Widespread availability of suitable en-
riched air mixes at dive shops
e Acceptance that mixtures with up to 40%
oxygen can be used with ordinary scuba
gear if the gear is kept scrupulously clean
and free of hydrocarbons and silicone
greases and is lubricated with oxygen-
compatible lubricants38
e Availability of computer programs that
allow computation of custom decompres-
sion tables and of dive computers that can
be set to use enriched air
e Availability of training facilities and
materials
e Recognition that normal treatment proce-
dures for decompression disorders would
work without modification for enriched-air
divers (correcting an early misunder-
standing)
A consensus community standard for
proper operations remains elusive, however.
As mentioned earlier, the only reason for
using enriched air is its benefit to decom-
pression. The current practice is to calculate
decompression on the basis of the inert gas
partial pressure, essentially ignoring the
oxygen component.!7848 Some computa-
tional models consider the oxygen in the
mixture to be an inert gas when it is assumed
to be in excess,% but some evidence sug-
gests it may not be in excess if the diver
stays within reasonable oxygen tolerance
limits!787; wide field experience supports the



latter concept. The physiologic effects of
oxygen (e.g., causing prominent vascular
changes) make it difficult to assess its purely
“inert” properties. At partial pressures
greater than 2 to 2.5 atm, oxygen’s benefits to
decompression begin to diminish.

The decompression benefit of oxygen-
enriched air can be manifested in two ways:
first, breathing an oxygen-enriched mixture
and decompressing as if for air makes the
dive more conservative; second, the diver
gets increased bottom time for no-stop dives
or reduced decompression time if stops are
used.

In order to exploit the decompression
advantages of enriched air, decompression
procedures must account for oxygen. The
most efficient way to decompress is with
tables or dive computers appropriate for the
specific mixtures. This works well for those
able and willing to prepare and use such
tables, but many organizations are not so
flexible, and therefore a more traditional
method is used. An effective method is to
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decompress using that table. The procedure
for selecting the right table is called the
equivalent air depth (EAD) procedure. This
method is conservative (and consequently
not as efficient as it could be) and uses famil-
iar and readily available tables with recog-
nized performance records (the most
popular tables are the U.S. Navy Standard Air
tables, but other tables can be used).
Figure 6-8 illustrates the EADs based on the
nitrogen partial pressures of several oxygen-
enriched nitrox mixtures at the actual depth.
The following equation is used to calculate
the EAD:

EAD = M ~10
0.79

where FN, = fraction of nitrogen in the
inspired mixture or (1-FO,), D = depth in
msw, and 10 = number of msw in an atmos-
phere. For example, using 32% oxygen, 6%
nitrogen, and a depth of 30 msw:

determine the air decompression table that EAD (30+10)><0.68 102244
has the same nitrogen partial pressure as the - 0.79 U E et
enriched air being used for the dive and to
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Figure 6-8. “Equivalent air depths” for decompression with enriched air mixtures. The curves show the depth of
a dive with air that has the same PN, as the actual depth indicated. A decompression table for the equivalent depth

can be used. The square markers indicate the point at which

the Po, reaches 1.5 atm, a reasonable oxygen tolerance

limit. Each gas should be used only for the range to the left of the marker; for example, with 50% oxygen, only dives

at an actual depth of 20 msw or shallower should be done.
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Thus, the appropriate air table for a dive
to 24.4 msw should be used for decompres-
sion from this 30 msw dive. Using the
Defense and Civil Institute of Environmental
Medicine (DCIEM) tables (DCIEM, 1992), a
30 min dive with air at 30 msw requires 15
min of decompression; the equivalent 24.4
msw dive uses the 27 msw table, which
requires only 11 min of decompression.
However, using oxygen-enriched air with 36%
oxygen (FN, = 0.64), one calculates an EAD of
22.4 msw, which allows the 24 msw table to
be used for a required decompression time
of 5 min, a greater saving.

Occasionally, enriched air is touted as
being safer than atmospheric air. One can
indeed make the case that the risk of decom-
pression sickness is lower, but at the very
low decompression sickness risk levels nor-
mally encountered in this type of diving, it is
stretching a point to imply that a diver would
be safer. The higher levels of oxygen pose
added hazards. Also, as mentioned earlier,
the implication that replacing some of the
nitrogen with oxygen may reduce narcosis is
not likely to be valid.

Because the mixes are richer in oxygen,
the possibility of oxygen toxicity is greater,
depending on the mixture being used. As
shown in Figure 6-2, the NOAA Diving
ManualP>36 allows an exposure to a Po, of
1.6 atm for 45 min, but a wiser rule in recre-
ational scuba diving—wherein a convulsion
can easily lead to drowning—is not to exceed
1.4 atm. NOAA has adopted two standard
enriched-air mixtures containing 32% and
36% oxygen to avoid the complication of
having a variety of mixes on hand. Using the
1.4 atm maximum Po,, these mixtures can be
used to 33 and 29 msw, respectively. The
1.4 atm limit is appropriate, and the recre-
ational diver would be foolish to exceed it
during the working phase of a dive.
Paradoxically, for scuba diving, the greatest
decompression efficiency with oxygen-
enriched mixtures is in the depth range of
about 20 to 25 msw, but here the allowable
times are much longer than can be accom-
plished with scuba.’® Enriched air diving is
most effective in the range of approximately
15 to 35 msw (60 to 120 fsw).

Helium-Oxygen Mixes (Heliox)
Surface-supplied heliox is most effective for

short working dives in which surface decom-
pression can be used to shorten decompres-

sion time in the water, and this mixture is
widely used for many jobs that do not justify
or cannot easily be done with saturation
because of the cost and complexity of the
equipment. The heliox will have an oxygen
content appropriate to the diving depth. This
may be optimized for maximum decompres-
sion efficiency without oxygen toxicity or for
operational effectiveness or simplicity of use.

The U.S. Navy helium-oxygen decompres-
sion tables® for many years recognized the
fundamental principles of mixed-gas diving
and oxygen decompression; they were based
on the partial pressure of helium in the
breathing gas at the depth of the dive and
not just on depth alone. This allowed some
flexibility in operations but made the tables
somewhat difficult to use. More recently, the
U.S. Navy heliox tables have been reformat-
ted to be based on depth.>

The Navy tables called for oxygen to be
supplied in the water starting at 50 fsw
(15 msw), followed by surface decompres-
sion. They were modified by commercial
companies to avoid the in-water oxygen.
There is a rationale for employing in-water
oxygen, but in these tables the concern
was that it is used at too great a depth. The
Navy has also modified its procedures on
an interim basis to substitute an oxygen
enriched air mix for the 100% oxygen
breathed at 50 fsw in the water.

Commercial diving companies have devel-
oped proprietary heliox tables that consider,
among other things, oxygen exposure, and
effective heliox tables are now also in the
public domain.??

Most heliox tables involve a switch to air
or to an oxygen-enriched air mixture during
decompression, and almost all tables end
with oxygen being breathed in the shallow
stops. The intermediate mix is selected so
that nitrogen narcosis and oxygen toxicity
are not limiting factors. The main benefit of a
switch to an intermediate mix is to increase
the oxygen because the bottom mix becomes
relatively low in oxygen as decompression
progresses. Another reason is that a switch
to nitrogen as the inert gas also adds some
efficiency. This situation appears paradoxi-
cal because nitrogen requires much longer
for saturation decompression. It is, however,
related to gas dynamics, because for a rela-
tively short exposure, the slower diffusing
nitrogen does not build up as fast as helium
would. This advantage of nitrogen prevails
over most of the range of short-duration
bounce-type dives.



Helium has a high thermal conductivity, so
it feels cold to breathe. In cold water,
heat loss via the respiratory tract can be
debilitating at depths below about 150 msw
(500 fsw). This is blamed on helium because
heliox is the breathing mix used at such
depths and because helium feels cold.”
However, because respiratory heat loss may
be due more to convective than to conductive
heat transfer, air or nitrogen-based mixes are
likely to cause greater heat loss than does
heliox.?! Definitive experiments to resolve this
question have yet to be undertaken. Small
amounts of hydrogen in the breathing gas can
be burned catalytically to add heat to the
diver’s inspired gas and perhaps replace or
prevent some of this respiratory loss.?

Another instance in which the conductiv-
ity of helium is critical is in the case of a
“lost” diving bell—the divers are trapped in a
predominately helium environment, and the
temperature in the bell soon approaches that
of the sea (it can sometimes be as cold as
4°C). Until rescue, survival in this situation
depends on heavy insulation to prevent skin
heat loss and some means of preserving
breathing-gas heat.?

Despite the existence of many exotic gases
and gas mixtures, helium dominates the list
of breathing gases, other than air; at the peak
of its popularity in North Sea operations,
helium may have been used more than air. A
major deep-diving/saturation system may
store as much as 50,000 m? of gas. The peak
helium usage for oil operations in the North
Sea for the year 1979 was almost 3 million m?
(100 million cubic feet), most of it from the
United States and Poland?®; the peak annual
usage in the Bay of Campeche, offshore in
Mexico, was nearly 1 million m3. In 1980, gas
suppliers began delivering liquid helium,
which occupies only 20% of the volume of
compressed helium. In the mid-1980s, the
petroleum economy changed, gas reclaim
equipment became effective, and remotely
operated vehicles began to do much of the
work of divers, with the result that the total
annual consumption of helium in North Sea
operations now is about that of the single
most active diving contractor in the 1970s.

Oxygen-Helium-Nitrogen
Mixes (Trimix)

Technical diving originated when a group of
cave divers wanted to reduce their level of
narcosis for some dives in the range 70 to
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75 msw. They had customized decompres-
sion tables prepared for mixes that reduced
the narcosis to an acceptable level at the
target depths. The use of enriched-air inter-
mediate mixes and oxygen breathing at the
end of the dive gave these decompression
patterns significantly greater efficiency for
these dives than was provided by commer-
cial and navy tables available at the time. In
commercial diving, multiple mixes for surface-
supplied diving have been in use for decades,
but in such operations, the complexity of the
dives is managed by the topside support
team. In deep, exploratory cave diving, a
diver needs several tanks of gas and caches
or stages them along the way, tied to the line.
The mixes in these tanks can be varied to
gain decompression efficiency. Dives as deep
as 100 msw for times of more than 1 hour are
not uncommon using these techniques.®

A major factor limiting the spread of this
technique was the need for custom decom-
pression tables. Trimix diving was originally
developed used tables generated with a
proprietary computational program, but
Professor A. A. Biihlmann had published his
method for calculating tables,?® and creative
divers soon learned to generate appropriate
decompression tables with experience from
their own dives. Computer programs that
enable divers to prepare their own tables for
trimix dives are available; however, their use
without proper training is not recommended.
Some of the organizations that train techni-
cal divers have prepared printed tables using
such computer programs, but there are no
recognized published tables for technical
trimix dives. Many of those interested in
technical diving are also qualified in mathe-
matics and physics, and technical diving
community is evaluating a number of rela-
tively new algorithms or “models” for com-
puting decompression tables.?798

Zannini and colleagues? developed an
earlier application of trimix using decom-
pression tables; this application was used by
divers collecting coral offshore Italy. The
profiles were similar, except that the coral
divers used surface decompression.

A typical technical trimix table profile is
shown in Figure 6-9. This is a table com-
monly used for training: a dive to 75 msw for
25 min. It uses 17% oxygen and 50% helium
as a bottom gas and requires a change to an
intermediate enriched-air mix of 36% oxygen
at 33 msw, the first stop depth and a change
to pure oxygen at 6 msw. Decompression
takes about 85 min.
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Figure 6-9. Profile of a technical trimix bounce dive to 75 msw for 25 min. This profile has been used many times
without incident (the profile depicted is for display only and should not be used because it lacks some minor
conservative modifications). The gas is switched to a 36% oxygen-enriched air mixture at the first stop at 33 msw
and to pure oxygen at 6 msw. The upper dotted line shows the Po,, and the lower dashed line shows the buildup of
the “oxygen limit fraction” (or CNS %), which reaches 0.35. Compare this profile with that in Figure 6-10.

Despite these being relatively stressful
decompressions, the track record for techni-
cal trimix diving seems to be satisfactory from
the point of view of decompression sickness.
Technical diving has proven to be hazardous
in other ways, however. Many divers have
died because the wrong mixture was breathed
at the wrong time. Decompression disorders
that occur in divers surfacing without decom-
pression from dives at more than approxi-
mately 50 to 70 msw are difficult to treat, and
the diver may not survive even when treat-
ment is prompt. Also, like air divers, technical
divers tend to run out of breathing gas while
underwater.

Rebreathers

A rebreather is a breathing apparatus that
recirculates the diver’s expired gas around a
breathing loop, removing the carbon dioxide
and replenishing the oxygen; a flexible “coun-
terlung,” or breathing bag, provides compli-
ance to accommodate breathing. Rebreathers
have existed for more than a century and
have a long history in military use (see
Chapter 29). There are many types of
rebreathers, but those that provide the diver
with a constant Po, are of particular interest
here because they provide another special
breathing gas. Constant oxygen rebreathers

usually are controlled by electronic sensors,
but mechanical methods also work reason-
ably well.100.101

The main objective of gas switching in a
traditional heliox dive is to maintain as high
a Po, as possible within tolerance limits.
Figure 6-9 presents a simple example of this
using gas switching. A constant oxygen
rebreather allows the diver to breathe a
mixture of high Po, throughout the dive.
Maintaining a steady Po, of 1.4 atm provides
almost as efficient an oxygen profile for a
dive as possible and offers a tolerable
oxygen exposure. A secondary benefit of
switching to an intermediate nitrogen-based
mix is to change the inert gas, but the benefit
of this is secondary to that of the higher
oxygen concentration. Rebreathers normally
use only one diluent gas, but a built-in
feature that would allow a switching of inert
gas has been proposed. A 75 msw/25 min
dive profile calculated for a constant Po, of
1.4 atm is shown in Figure 6-10. This dive
profile has the same bottom exposure as the
trimix dive involving two gas switches (see
Fig. 6-9), and the two dives can therefore be
compared. The rebreather decompression is
9 min shorter, and in neither dive is the
oxygen exposure particularly stressful. At
6 msw, either the rebreather has to be
purged to pure oxygen or the diver breathes
oxygen supplied by an open-circuit appara-
tus from the surface by hose.
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Figure 6-10. Profile of a constant Po, rebreather dive to 75 msw for 25 min. This dive does not involve gas
switching as shown in Figure 6-9, but the composition of the mix changes with depth to maintain a constant Po,.
The diver breathes 100% oxygen at the 6 and 3 msw stops, which accounts for the deviations from 1.4 bar in the Po,
curve. This profile assumes that the nominal gas is maintained at all times, but this is not normally the case in a
real rebreather dive because it takes some time for the gas makeup to follow depth changes. The upper dotted line
shows the Po,, and the lower dashed line shows the oxygen limit fraction, which reaches 0.38.

Another type of rebreather, of which there
are many variations, is the semiclosed
rebreather. Like fully closed rebreathers,
these have a breathing loop with a carbon
dioxide absorbent canister and a counter-
lung, but these rebreathers use a constant
inflow of a fixed mixture of oxygen and an
inert gas, with the mixture oxygen fraction
and flow calculated to provide a proper Fo,
over the depth range of the dive. The diver
consumes oxygen from the loop, so that the
resulting Po, is affected by the diver’s level of
activity, the oxygen consumption rate. This
causes the Po, to vary inversely with work-
load; this is favorable from an oxygen-toler-
ance perspective but makes decompression
both inefficient and hard to calculate in
advance. More sophisticated semiclosed
units use a gas inflow system that is linked to
the diver’s respiratory minute volume; some
even come close to providing a constant Po,.

Alternative Inert Gases
NEON

Of the exotic breathing gases mentioned at
the beginning of this chapter, neon and
hydrogen are actually used as diving gases.
Neon is a product of air distillation. Pure
neon is very expensive, but an earlier cut in
the air distillation process yields a mixture of

neon and helium with about 75% neon and
25% helium that—where it is available—is
priced similarly to helium; the “neon 75”
mixture can be made available at prices
remotely competitive with helium only in
very large quantities. This mixture has been
investigated in the laboratory!’1%2 and has
been used in commercial and technical
diving. Neon is not narcotic but is about two
thirds as dense as air, which somewhat limits
its use; it is too dense for use beyond a depth
of about 120 msw. Neon’s advantages that led
to its use in commercial diving are that it
does not distort speech the way helium
does, nor does it have such a high thermal
conductivity!?; however, the problems with
helium have been resolved (with voice
unscramblers, bell heaters, and wider avail-
ability), and commercial diving interest in
neon has therefore waned. Neon is currently
of interest to technical divers who think that
the several minutes saved in decompression
is worth the effort if the cost can be justified
in some way. Neon’s use in a rebreather is
economically feasible, and this practice has
been developed to a moderate extent.103

HYDROGEN
Hydrogen was first used as a diving gas by

Zetterstrom in the early 1940s,!% the motiva-
tion being the unavailability of helium in
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Sweden and hydrogen’s supposedly favor-
able decompression properties. Zetterstrom
was killed on a hydrogen dive from an opera-
tional accident, but he did prove that the gas
was usable.

An important operational limitation of
hydrogen use, of course, is its extreme
flammability. Mixtures of hydrogen and
oxygen are explosive, except in situations
where the percentage of oxygen is less than
about 5%,5%1%5 so beyond a depth of about
30 msw the Po, can be suitable for breathing.
Extreme care must be used in handling the
gas. 106,107

Gardette and colleagues!? and Rostain and
colleaguesf? described several successful
hydrogen-oxygen laboratory dives to 450 msw
(46 atm). On one such dive, Hydra V, divers
began with heliox and at 200 msw (650 fsw)
switched to a nonexplosive mixture of
oxygen, helium, and hydrogen, sometimes
called hydreliox. Hydrogen alone at these
depths is too narcotic for effective use. On
decompression, the breathing gas was
switched back to heliox at about 25 atm. The
gas switch resulted in counterdiffusion sick-
ness, which was treated similarly to decom-
pression sickness. A slower transition in
later dives eliminated the counterdiffusion
problems. Interestingly, even though hydro-
gen and helium counterdiffuse and hydrogen
is more soluble, experiments in hydrogen
saturation diving have shown that the same
decompression rate can be used for decom-
pression from hydrogen saturation as is nor-
mally used for helium,'® but for short-
duration diving, hydrogen’s decompression
properties are somewhere between those of
helium and nitrogen.

The advantage of hydrogen for very deep
commercial (saturation) dives is that it is
easier to breathe and thus allows divers to
breathe through their noses, which improves
their sleep and helps avoid respiratory infec-
tions; more important, in situations in which
a diver’s ability to work is limited by gas
density, hydrogen allows heavier work to be
performed. Hydrogen’s narcotic potency is
high enough that for use in the deepest
depth range for human diving, about 50 atm
or greater (500 msw or 1500 fsw), it is neces-
sary to replace some hydrogen with helium.
This narcosis can be somewhat helpful in
combating HPNS during compressions.

Hydrogen gas can be obtained from
electrolysis of water and is potentially
more abundant than helium. Although most

current hydrogen diving is experimental, the
diminishing supply of helium may make
mixes containing some hydrogen an attrac-
tive alternative to helium in the future.

The U.S. Navy has studied the possibility
of breaking down the hydrogen in the body
with bacterial enzymes.!? Rats were fed
bacteria that metabolize molecular hydrogen
to methane, and when the animals were
pressurized with hydrogen, large quantities
of intestinal methane were generated. Upon
decompression, these rats displayed fewer
signs of DCS. Unfortunately, this program has
been discontinued.

ARGON

Argon is much more soluble than nitrogen,
much denser, and more narcotic, and there-
fore it offers little advantage over other
diving gases. However, there are reasons why
it might be breathed. It is used in underwater
welding and may therefore be inhaled by the
diver via the welding chamber atmosphere.
It is also used to improve the insulation prop-
erties of dry suits. Further, some gas separa-
tion methods leave as much as 5% argon in
the extracted oxygen. And finally, gas-manip-
ulation techniques can be used to slightly
improve decompression with an otherwise
unfavorable gas, but the results are not likely
to be worth the effort of dealing with another
gas.

To assess the effects of the welding
chamber environment in the Jason project,
Comex has exposed diver subjects to an
argon-oxygen atmosphere at 2.5 atm and has
studied narcosis, counterdiffusion, and
decompression in these divers.!3 Narcosis
was definitive; it reduced performance scores
and was regarded subjectively as being about
the same as that induced by air at 40 msw. In
these studies, counterdiffusion of the argon
with helium was not a problem, and decom-
pression, using helium ascent rates, was
uneventful.

LIQUID BREATHING

Although it has been featured in movies and
science fiction novels,!!% liquid breathing
does not appear to be a likely prospect for
real-world diving, the reason being the high
density and viscosity of the liquid medium.



Kylstra and colleagues!!! showed that mice
could survive while breathing normal saline
solution saturated with oxygen at 3 atm.
Subsequent studies with oxygenated fluoro-
carbon compounds showed that adequate
oxygenation could be achieved without the
need for inert gas and its accompanying nar-
cosis and decompression problems.!!? It is
possible to deliver enough oxygen using
hyperoxygenated saline solution at pressures
greater than approximately 3 atm and even at
sea level using fluorocarbon fluids that
readily dissolve large quantities of oxygen.!3
But the only way that carbon dioxide can be
removed from the lungs is to flush it out (this
is called ventilation when gas is used for
flushing). The effective rate of carbon dioxide
removal using a liquid medium is just enough
to sustain normal basal metabolism at the
flow rates possible, but hypercapnia devel-
ops with even low levels of exercise. If the
right kind of low-density, low-viscosity, non-
toxic solution could be found that would
absorb the carbon dioxide and carry it out,
perhaps with a nontoxic buffer or with stabi-
lized microbubbles, liquid breathing might
become feasible. At present, the viable
breathing media are all gases.
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of Decompression

Knowledge of premorbid decompression
physiology is essential to decompression
procedures that avoid morbidity. Knowledge
of the pathophysiology of decompression
sickness (DCS) is a prerequisite for therapies
that target underlying mechanisms. This
chapter places bubble formation in a physio-
logic context and explores the interaction of
bubbles with inert gas exchange at specific
sites of injury. Individual, physiologic, and
environmental factors that affect bubble for-
mation and inert gas exchange are reviewed
with an emphasis on the multivariate nature
of DCS. Finally, the chapter addresses de-
compression safety from an epidemiologic
perspective in which diagnosis, morbidity,
and DCS probability are presented with the
goal of refining the process for developing
decompression procedures.

DECOMPRESSION
SICKNESS AND THE
THEORY OF BUBBLE
FORMATION

Investigating bubbles and their relationship
to DCS in intact animals and humans is
technically difficult with available methods.
In the absence of direct measurements,
experimental manipulations of pressure,
time, and environmental or physiologic con-
ditions have been used to indirectly test
hypotheses concerning underlying mecha-
nisms. Together, these hypotheses support a
theory about bubbles and DCS that origi-
nated in the 1940s.

As discussed in Chapter 4, Harvey! pro-
posed that bubbles forming at low gaseous
supersaturations originated from gas nuclei.
He showed experimentally that short,
rapid compressions to very high pressures
reduced or eliminated bubble formation
upon subsequent decompression (Fig. 7-1).

Richard D.Vann

Evans and Walder? used hydrostatic com-
pression as a specific test for gas nuclei in
transparent shrimp decompressed to a pres-
sure equivalent to 58,000 feet of altitude
(17,679 m; 0.052 ata). Bubbles were visible
under the shells of 96% of shrimp decom-
pressed directly to 58,000 feet (left side of
Fig. 7-2), but bubbles formed in only 8% of
shrimp briefly compressed to 387 ata before
altitude exposure (middle part of Fig. 7-2).
This observation was consistent with the
hypothesis that visible bubbles in transparent
shrimp originated from gas nuclei that could
be dissolved by hydrostatic compression.

Evans and Walder? compressed a third
group of 50 shrimp to 387 ata followed by an
electrical stimulation at altitude to induce
physical activity, and bubbles formed in 32%
of the shrimp (right side of Fig. 7-2). This
observation was consistent with the hypo-
thesis that physical activity caused the
regeneration of gas nuclei.

Vann?® conducted a similar study of DCS
in rats (Fig. 7-3). A 2-hour control dive to
240 fsw (72 msw) followed by direct ascent
to the surface resulted in 83% fatal DCS. With
a brief compression to 600 fsw (180 msw;
19.1 ata) prior to the 240 fsw exposure, the
DCS incidence was 74%; with compression to
1000 fsw (306 msw; 31.2 ata), the incidence
was 64%. This observation was consistent
with the hypothesis that the bubbles
thought to cause DCS in the rat originated
from gas nuclei that could be eliminated by
rapid compression to pressures lower than
those used by Evans and Walder.2

Daniels* investigated the effect of normal
activity on the regeneration of the bubble for-
mation capacity in hydrostatically compres-
sed shrimp. Shrimp were exposed to a brief
200 ata hydrostatic compression prior to
decompression to an altitude of 53,000 feet
(16,155 m; 0.073 ata). Between the hydrostatic
compression and the altitude exposure, there

127
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Figure 7-1. The hydrostatic pressure test for gas 0o 0° OOO
nuclei.! Left, Bubbles form after a dive. Right, Fewer — 070e
bubbles form after a dive preceded by a short, rapid
compression to a higher pressure. Gas nuclei are
presumed to be eliminated during hydrostatic Time
compression.
387 ata 387 ata
Exercise
96% 8% 32%
bubbles bubbles bubbles
1 ata 1 ata
-| 50 shrimp 50 shrimp 50 shrimp |
58,000 feet altitude (0.08 ata)

Figure 7-2. The hydrostatic pressure test applied to the formation of visible bubbles in transparent shrimp.? Lef,
After decompression to 58,000 ft of altitude (0.08 ata), bubbles form in 96% of shrimp. Middle, With a brief
hydrostatic compression to 387 ata, bubbles form in only 8% of shrimp. Right, Exercise at altitude after hydrostatic

compression increases bubble formation to 32%.

was a delay of 0 to 50 hours at 1 ata. There
were few bubbles with no delay before de-
compression to altitude, and the number of
bubbles increased as the delay lengthened
(Fig. 7-4). With a 24-hour delay, bubble forma-
tion had returned to baseline levels. This
observation was consistent with the hypothe-
sis that the capacity for bubble formation in
shrimp regenerated during 24 hours of normal
activity.

Walder® observed that the DCS incidence in
caisson workers was 10% to 12% when they
began pressure exposure, but the incidence
decreased to 1% to 2% after 1 to 2 weeks of
daily exposure (Fig. 7-5). This phenomenon is
known as adaptation or acclimatization. The
higher incidence returned after 10 days with-

out exposure. Acclimatization was specific for
each pressure and recurred when the working
pressure increased.® These observations
were consistent with the hypotheses that
(1) acclimatization occurred when the gas
nuclei responsible for DCS were eliminated by
daily exposure and (2) gas nuclei were re-
generated during normal activity at 1 ata.
McDonough and Hemmingsen’ studied
the effect of physical activity on the forma-
tion of visible bubbles in crabs (Fig. 7-6).
Resting crabs tolerated 150 atm of supersat-
uration without bubble formation; in active
animals, bubbles formed at a supersatura-
tion of only 2 atm. This observation sup-
ported the hypothesis of Evans and Walder?
and Daniels? that physical activity promoted
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Figure 7-3. The hydrostatic pressure test applied to decompression sickness in rats.? Left, Fatal decompression
sickness develops in 83% of rats exposed for 2 hours at 240 fsw (72 msw). Middle, With hydrostatic compression to

600 fsw (19.1 ata), 74% sustain decompression sickness. Right, Hydrostatic compression to 1000 fsw (31.2 ata)

reduces the incidence of decompression sickness to 64%.
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Figure 7-4. Recovery of the capability to form
visible bubbles in shrimp after hydrostatic
compression.* Shrimp were hydrostatically
compressed to 282 ata, returned to 1 ata for a
specified time, and decompressed to an altitude
equivalent of 53,000 ft (16,155 m; 0.073 ata). Few
bubbles formed when the delay to altitude exposure
was short. As the delay increased to 24 hours,
bubble formation returned to the control level
without hydrostatic compression.

Figure 7-5. Acclimatization to decompression
sickness in caisson workers during repeated days of
exposure in three groups of men.> The incidence of
decompression sickness decreased by five times
during a period of 10 continuous exposures.
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Figure 7-6. Immobilized crabs tolerated 150 ata of
supersaturation without bubble formation, but bubbles
formed in their leg joints at a supersaturation of only 2
ata with voluntary motion.”

bubble formation. Hydrostatic compression
prior to supersaturation did not affect
bubble formation, however, indicating that
bubbles could form by tribonucleation in the
absence of gas nuclei.?

McDonough and Hemmingsen? also investi-
gated the persistence of bubbles that formed

after decompression (Fig. 7-7). Freely moving
crabs were exposed to 5 ata for 30 min. Upon
decompression to 1 ata, approximately three
bubbles, with diameters of 50 to 250 um,
formed in each crab. The crabs were immobi-
lized after decompression, and the bubbles
resolved in 10 to 47 min. Table 44 in Chapter
4 indicates that this is within the range of
expected lifetimes for bubbles of these sizes
in air-breathing animals (an oxygen window of
0.08 atm). After bubble resolution, the immo-
bilized crabs were compressed to pressures
of between 5 to 50 ata for 30 min, but no
bubbles formed upon decompression. This
observation was consistent with the hypothe-
sis that bubbles in crabs were not stabilized
against dissolution and that the same physics
applied to bubbles in crabs as to in vitro
bubbles (see Chapter 4 under Physics of
Bubble Formation and Stability). The obser-
vation also reconfirmed physical activity as a
promoter of bubble formation.

Dervay!? studied the effect of pre-decom-
pression exercise in humans on Doppler-
detected venous gas emboli (VGE) after
decompression to an altitude of 22,000 feet
(6706 m) for 75 min (Fig. 7-8). Subjects per-
formed 150 deep-knee bends at 1 ata with
delays of 0, 1, or 2 hours before altitude expo-
sure. The incidence of Doppler bubble grades
3 or 4 was 45% with immediate decompres-
sion, 24% with a 1-hour delay, and 9% with a
2-hour delay. These observations were consis-
tent with the hypothesis that deep-knee bends

5-50 ata

30 freely
moving

crabs

Sata Crabs

immobilized
1 ata |
~3 bubbles/crab Bubbles resolved No
50-250 n diameter in 10-47 min bubbles

Figure 7-7. Bubbles formed in freely moving crabs after decompression from exposure to 5 ata.” The bubbles
resolved in 10 to 47 min when the crabs were immobilized. With the crabs still immobilized, no bubbles formed

after a second exposure to 5 to 50 ata.
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Figure 7-8. The effect of rest after heavy exercise
on bubble formation at 22,000 ft (6706 m) in human
subjects.!? Fewer bubbles formed at altitude as the
interval at 1 ata after 150 squats increased from 0 to
2 hours.

generated gas nuclei that decayed with a
half-life of about 1 hour. Table 44 in Chapter 4
suggests that bubbles with diameters of at
least 250 um are consistent with this finding
for air-breathing animals.

Vann!! compared the incidences of
Doppler VGE and DCS during altitude expo-
sures at 30,300 feet (9236 m; 4.3 psia) in
standing subjects and in reclining subjects.
Both groups breathed 100% oxygen while
seated at rest for 3.5 hours before ascent to
altitude, and both groups performed the
same upper-body exercises at altitude. There
was no significant difference in the incidence
of Doppler grades 3 and 4 detected precor-
dially after arm movement, but the precordial
Doppler incidence after leg movement was
significantly higher for standing subjects
(42%) than for reclining subjects (5%;
P =.0047; Fig. 7-9A). In addition, there was no
significant difference in the incidence of DCS
pain in the arms, but the incidence of leg pain
was significantly higher for standing subjects
(50%) than for reclining subjects (5%;
P = .0011) (Fig. 7-9B). These observations
were consistent with the hypothesis that gas
nuclei responsible for VGE and for the
bubbles thought to cause DCS were gener-
ated during the physical activity of standing
and walking.

A Theory of InVivo
Bubble Formation

Based on the studies reviewed above and the
physics of bubble formation and stability dis-
cussed in Chapter 4, the following theory
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attempts to explain some aspects of in vivo

bubble formation:

e Gas nuclei are the origin of some
(1) visible bubbles in animals, (2) VGE,
and (3) bubbles thought to cause DCS.

e Gas nuclei are bubbles generated by
tribonucleation resulting from viscous
adhesion during physical activity.

¢ In the absence of gas nuclei, bubbles may
be generated directly by tribonucleation
in supersaturated tissue.

e Gas nuclei are dissolved in minutes to
hours (depending on size) by the oxygen
window and surface tension.

e The creation and elimination of gas nuclei
and bubbles are in dynamic equilibrium:
Movement, exercise, or gravity promotes
their creation; and rest, immersion, or
microgravity favors their elimination.

Cracking Vertebrae and Spinal
Decompression Sickness: A Circumstantial
Anecdote or a Cautionary Tale?

“I clambered aboard the boat and hauled
in my gear. The weather was mild and the
sea mirror-flat. While breaking down my
gear and stowing equipment, [ looked
down the reef where I recognized the
dive guide in the ‘Fin-n-Fins’ dive boat as
my friend Melvin. I waved to him, and he
waved back shouting, ‘How was your
dive?’ ‘Great...just great,” I yelled. As I
watched him help the tourists into the
boat, pull anchor, and motor off towards
the dive shop, I placed my fists behind
me along my spine, one on top of the
other, and simultaneously pressed
inward and arched my back to ‘crack’ my
vertebrae as | often did and sometimes
still do. I remember being stunned at
how ‘complete’ and ‘robust’ the crack
was. Normally, I'd get two or three ‘solid’
cracks, with a few more ‘soft’ cracks, but
this time, it seemed like every single ver-
tebral joint from the small of my back to
at least my shoulder blades yielded an
extremely solid ‘crack.” At the moment, it
was extremely satisfying. I had never
performed such a complete spinal
‘crack’ previously, nor have I ever since,
and I've probably [cracked my back] a
thousand times since I discovered the
trick in high school. It couldn’t have been
more than about 30 to 90 seconds later
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that Melvin’s wake hit my boat, and the
avalanche of symptoms began. I lost my
balance slightly when my boat rocked,
and I reached for the steering console,
but my hand wouldn’t go where [ wanted.
At first I didn’t think much of it, but a few
seconds later I realized that both of my
hands and arms had lost coordination! I
fought off panic as my brain scrambled
to comprehend the situation. I looked
out at Melvin’s boat, but he was already
too far away to hear my yelling over the
roar of his engines. I moved my arms
about, trying desperately to prove that
they were really OK, but I was dizzy, and
my legs were uncoordinated and numb.
Losing control was horrifying.”

The dives preceding these events had
been severe. Within hours, the diver suf-
fered from loss of bladder control and
severe sensory and motor impairment of
all limbs. After 28 recompressions, he
could walk with a limp. Two years later,
he could jog but had not regained normal
sensation in his legs. In 2 more years, he
was diving with a rebreather at 400 fsw.

—from Confessions of a Mortal Diver—
Learning the Hard Way (R. Pyle,
personal communication)

MECHANISMS AND
MODELS OF SPECIFIC
DECOMPRESSION INJURIES

This discussion focuses on putative mecha-
nisms by which bubbles may initiate certain
forms of DCS. Where possible, quantitative
models of specific injuries are presented. See
Chapter 8 for a full discussion of the patho-
physiologic and pathohistologic aspects of
injuries that follow the appearance of bubbles.

Sonophoresis, Cutaneous
Decompression Sickness
(“Skin Bends”),

and Counterdiffusion

The mechanism of bubble formation in the
skin appears to be different from the one
described earlier. The skin is normally a
barrier to the passage of externally applied
substances; sonophoresis is a process by
which ultrasound therapy can enhance
transdermal drug delivery. Mitragotri and
colleagues!? found evidence that ultrasound
energy caused in situ bubble formation in
cadaver skin. The barrier property of the
skin to drug permeability is attributed to its
outermost layer, the stratum corneum,

Figure 7-9. Precordial Doppler bubble scores and
decompression sickness (DCS) in human subjects at
30,300 feet (9236 m; 4.3 psia) while standing or
reclining.!! The subjects performed the same arm
exercises in all experiments, and neither Doppler
bubbles (A) nor DCS (B) differed for standing or
reclining subjects. Gravitational stresses were
present in the legs of standing subjects but not in
reclining subjects, and reclining subjects had
significantly fewer Doppler bubbles (A) and DCS
(B) than did standing subjects.
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which is 15 pm thick and composed of ker-
atinocytes surrounded by ordered lipid
bilayers (Fig. 7-10). The cutaneous applica-
tion of ultrasound energy induced cavitation
at the interface of keratinocytes and sur-
rounding lipid bilayers. Oscillating bubbles
appeared to disorder lipid bilayers and
enhance their permeability. The process was
reversible, and the bilayers regained their
ordering and impermeability when cavitation
stopped. Whether this mechanism of bubble
formation is active in skin bends and cuta-
neous counterdiffusion is uncertain, but
sonophoresis demonstrates that in vivo
bubbles can form at the modest levels of
supersaturation induced by ultrasound
therapy in sonophoresis.

Cutaneous DCS appears to have at least
two distinct origins: in situ bubbles and
arterial bubbles secondary to right-to-left
shunting in the heart. The arterial bubble
hypothesis is reviewed in Chapter 8. The
following paragraphs discuss a model of
in situ bubbles.
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When humans or animals breathe slowly
diffusing gases such as nitrogen or nitrous
oxide while surrounded by rapidly diffusing
helium, extensive bubble formation can
occur through a process called isobaric
counterdiffusion.’® For example, bubbles dis-
sected the subcutaneous tissue and caused
severe bruising and capillary damage in pigs
immersed in helium while breathing nitrous
oxide (Fig. 7-11). Continuous counterdiffu-
sion resulted in copious VGE and asphyxia
when gas displaced blood from the heart. A
similar phenomenon occurred during an
experimental dive to 1200 fsw in which a
human subject surrounded by helium-
oxygen breathed 10 atm of nitrogen in a
mixture of helium-nitrogen-oxygen. This
subject experienced hard, raised, bloodless
lesions of the skin with intense itching.!*

The process by which isobaric counterdif-
fusion may generate supersaturation is rep-
resented in Figure 7-12 by a model of
cutaneous inert gas exchange in which skin
is treated as a diffusion barrier between the

stratum corneum

Epidermis

II keratlnocyte
NEELS

Keratinocyte

Bilayer head region

Bilayer tail region

N Yf_

Cavitation bubble

Ordered lipid bilayers

Disordered lipid phase

-«—— keratinocyte

Figure 7-10. The fine structure of bubble formation in the skin during sonophoresis.!? Externally applied ultrasound
energy caused cavitation in the lipid bilayers adjacent to keratinocytes of the stratum corneum of the skin.
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Figure 7-11. Gas spaces in a section of subcutaneous

tissue from a pig breathing nitrous oxide and oxygen
while surrounded by helium. 131

environment and a well-stirred tissue com-
partment.’> Helium diffuses from the envi-
ronment through the skin into tissue more
rapidly than nitrogen or nitrous oxide can
diffuse out, and the resulting supersaturation
causes bubbles to form without a pressure
change.

The mechanism shown in Figure 7-12 can
be applied to observations that postdive
itching can be prevented by immersion in
warm water!617 (see Chapter 8) and that in a
dry environment, a cold arm may itch
whereas a warm arm may not.!® On the left
side of Figure 7-13, poorly perfused cold skin
is illustrated with its slow nitrogen elimina-
tion and thick diffusion barrier that impedes

heat and nitrogen flux. On the right side of
Figure 7-13, warm, well-perfused skin is
shown as having rapid nitrogen elimination
and a thin barrier to heat and nitrogen diffu-
sion. Poor nitrogen exchange in the cold
tissue would be expected to cause greater
supersaturation (AP), increased bubble for-
mation, and more intense itching.

Audiovestibular (Inner-Ear)
Decompression Sickness

Inner-ear DCS can occur after long, rapid
ascents or after a change in inspired inert
gas from helium to nitrogen either with or
without decompression.’? Counterdiffusion
of helium through the round window from
gas in the middle ear space has been sug-
gested as a contributor to inner-ear super-
saturation,' but the mechanisms are poorly
understood, particularly as to how the
damage occurs. Chapters 8 and 22 review
previous work in this area.

More recently, Doolette and Mitchell?’ pro-
posed a physiologically plausible model of
inert gas kinetics in the inner ear that pre-
dicts modest supersaturations and simulates
the time course of reported signs and symp-
toms. The model, shown in Figure 7-14, is
composed of three well-stirred compart-
ments representing the vascular membra-
nous labyrinth flanked on either side by
avascular but well-stirred perilymph and
endolymph compartments. The vascular
compartment exchanges inert gas with its
surroundings by perfusion with arterial
blood and by diffusion from the perilymph
and endolymph compartments. Inert gas
also diffuses from the middle ear space
through the round window. Diffusion barriers

Figure 7-12. A model of inert gas exchange
during isobaric cutaneous counterdiffusion
based on the Hills model's in which
well-stirred tissue is separated from the
environment by a diffusion barrier. A rapidly
diffusing gas (helium) surrounds the body
while the inspired gas (nitrogen) is slowly
diffusing. Helium diffuses into the body
through the skin faster than nitrogen diffuses
out, resulting in supersaturation and bubble
formation in the diffusion barrier. As the
bubbles grow, they cause the tissue damage
shown in Figure 7-11.
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Figure 7-13. A model of “skin bends” (as shown in Fig. 7-12) after air diving in cool or warm water. Left, In cool
water, subcutaneous tissue is poorly perfused and a large diffusion barrier reduces heat loss and restricts the
outward diffusion of nitrogen through the skin. This results in a high level of supersaturation (AP) and significant
bubble formation. Right, In warm water, subcutaneous tissue is well perfused, the diffusion barrier is small, and

there is little supersaturation.
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Figure 7-14. A model of inert gas exchange relative
to decompression sickness in the inner ear according
to Doolette and Mitchell.2 A perfused vascular
compartment exchanges inert gas through diffusion
barriers with adjacent unperfused endolymph and
perilymph compartments. All compartments are well
stirred. Inert gas also diffuses from the middle-ear
space through the round window. The fluxes of inert
gases in these structures can lead to supersaturations
during decompression from air diving or isobaric
counterdiffusion as indicated in Figure 7-15.

at the compartmental interfaces simulate
resistance to inert gas exchange between
compartments. The diffusion and perfusion
time constants were derived from published
data for inner-ear anatomy and physiology.
The resulting equations were solved for
vascular, endolymph, and perilymph inert
gas tensions and provided reasonable simu-

lations of published measurements for endo-
lymph and perilymph oxygen tension under
anoxic conditions.

The approximate tissue half-time of the
vascular compartment was 8.8 min. This is
relatively fast, although slower than highly
perfused brain, which has a half-time of
about 1.7 min. Because the round window is
small in area and the diffusion distance
through perilymph to the vascular compart-
ment is long, diffusion through the round
window from the middle ear space had very
little effect in the model on the overall inert
gas exchange kinetics of the inner ear.

For a 367 fsw dive with rapid decompres-
sion followed by inner-ear DCS, the model pre-
dicted supersaturations of more than 1 atm.
The isobaric change of breathing gas at
1200 fsw described earlier (see Sonophoresis
Cutaneous Decompression Sickness [“Skin
Bends”] and Counterdiffusion) also precipi-
tated inner-ear DCS,* and the model predicted
undersaturation in the perilymph and as much
as 0.4 atm supersaturation in the endolymph
and vascular compartments (Fig. 7-15).
Although the dearth of well-defined cases of
inner-ear DCS precludes calibration of model
parameters, this is the first model to provide a
credible simulation of processes likely to be
involved in inner-ear inert gas exchange that
could lead to supersaturation during decom-
pression or isobaric counterdiffusion.

Limb Pain

One of the most common symptoms of DCS
is pain in the joints and muscles, or the
bends. Most of the evidence associating
bubbles with limb pain is from altitude
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Figure 7-15. Compartmental inert gas tensions
computed by the model of Doolette and Mitchell?® for
inner-ear decompression sickness on a dive to 1200 fsw
(360 msw; 37.4 ata) with a subject surrounded by
helium-oxygen and breathing 10 atm of nitrogen in a
mixture of helium, nitrogen, and oxygen.!* The subject
experienced inner-ear decompression sickness as well
as hard, raised, bloodless lesions of the skin with
intense itching.

studies, but pain was similar among subjects
exposed to both hypobaric and hyperbaric
decompression, suggesting that the mecha-
nisms and locations of altitude and diving
DCS are similar.?!

Radiographs of painful knees at altitude
taken during World War 1 (see Chapter 4,
Fig. 4-23) suggested an articular site for joint
pain. The relationship of bubbles to pain
was addressed in altitude exposures at
35,000 feet (10,668 m) in which both knees
were radiographed when one knee became
painful.2>%5 There was free gas in the knee
joints of all subjects, with or without pain,
but bubbles posterior to the femur in the
upper posterior fossa and popliteal fat were
statistically associated with pain, as were
streaks of gas that appeared to be along
fascial planes or tendons. The severity of
pain and size of the gas lesion were associ-
ated with bubbles in the popliteal fat.

Acute altitude exposure also produced
transient pains in the hands and feet accom-
panied by crepitus in the tendon sheaths.?
Palpation of the tendon sheaths revealed
bubbles that, when milked away, often
relieved the pain. Ferris and Engle?? argued
that decompression pain was probably
extravascular rather than intravascular
because there was no local cyanosis, anoxic
pain is usually maximal during the reactive
hyperemia of recovery, local recompression

sufficient to occlude blood flow relieves
rather than intensifies pain, bubbles detected
by radiograph that were associated with pain
had an articular not a vascular distribution,
and pain relieved by recompression recurred
at the same site upon decompression 4 to
6 hours later.??

Bubbles associated with articular struc-
tures appeared to result from mechanical
stresses in moving tissues (see Decom-
pression Sickness and the Theory of Bubble
Formation) and might reasonably be modeled
by a diffusion barrier around a single bubble
(see Fig. 4-17b) where the DCS risk increased
with bubble size.2627 Delayed symptom onset
after diving and symptom relief with recom-
pression are consistent with bubble growth
by diffusion, but bubble growth by diffusion is
incompatible with symptoms that occur
hours after descent from altitude when
bubbles are resolving®-3 or in cases refrac-
tory to recompression therapy.?132 Such cases
may reflect secondary biochemical damage
that accumulates as long as bubbles are
present, with time required for healing.3-37

The diffusion barrier model might also
be appropriate to describe autochthonous
bubbles found in the spinal cord that are
thought to be responsible for rapid-onset
spinal DCS. A model of autochthonous spinal
cord bubbles, however, would be expected to
have different gas exchange kinetics than an
articular bubble.

Possible Roles of Venous Gas
Emboli in Neurologic
Decompression Sickness

DCS involving the brain or spinal cord has
the potential for causing permanent neuro-
logic damage, which makes understanding
the processes involved especially important.
Chapter 8 concludes with a review of the
pathophysiology of neurologic DCS and sug-
gests that multiple mechanisms might be
active, either alone or simultaneously,
depending on the nature of the exposure and
the physiology of the diver. Patent foramen
ovale (PFO) is implicated among these mech-
anisms as a potential source of arterial
bubbles that could seed the brain. The spinal
cord appeared to be a less likely target,
although Francis and coworkers®® reported
that delayed-onset DCS in dogs was histolog-
ically indistinguishable from gas embolism.
The location of signs or symptoms does not
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determine their cause, and DCS cases com-
monly described as spinal may be of cerebral
origin.??

Bubbles in blood withdrawn from the
sinus venarum of dogs after decompression
were 19 to 700 pm in diameter.’ In addition
to passage through a PFO, these bubbles
can enter the arterial blood through the
pulmonary or bronchial circulation, which
becomes more likely as larger gas volumes
enter the lungs,% the pulmonary artery
pressure increases,* or the bubble size
decreases. In the absence of PFO, for example,
ultrasound contrast agents containing
bubbles with diameters of 2 to 10 pm* are
visible by echocardiography in the left side of
the heart after injection into a peripheral vein
(unpublished observation).

Bubbles were cleared more effectively by
the lungs when oxygen was breathed rather
than air,* indicating that high bubble loads
might be tolerated better at altitude with
oxygen breathing than at sea level with air
breathing. Indeed, more VGE were detected
with air breathing in the surface intervals
between repetitive dives than with oxygen
breathing.4

Several studies have associated neuro-
logic DCS with high Doppler bubble scores.
In a series of 84 DCS cases for which Doppler
data were available, 14 neurologic incidents
were exclusively associated with Doppler
grades 3 or 4.8 Another study compared the
effects of inert gas species on DCS and pre-
cordial Doppler bubble scores.* With statis-
tical controls for differences in dive profile,
Doppler grades 3 or 4 were present signi-
ficantly more often (P = .028) after helium
dives (grade 3 or 4 in 20% of 114 dives) than
after nitrogen dives (grade 3 or 4 in 12% of

Figure 7-16. A comparison of respiratory helium
and nitrogen exchange in humans as measured by
Behnke and Willmon.5 The apparent nitrogen
half-time of is nearly double that of helium.

359 dives), and significantly more neurologic
DCS (P = .0014) occurred after helium dives
(80% neurologic cases in 5 DCS incidents)
than after nitrogen dives (11% neurologic
cases in 19 DCS incidents).? Neurologic DCS
also was lighter with helium in a larger series
of helium and nitrogen dives, in which the
overall incidence of DCS was 3.7% for helium
(64 cases in 1723 dives) and 5.2% for nitrogen
(103 cases in 1976 dives), but serious symp-
toms accounted for 40.1% of all helium
incidents (26 of 64) and 15.5% of all nitrogen
incidents (16 of 103; P < .001).49:51-54

Figure 7-16 shows that helium is
exchanged more rapidly than nitrogen.>® The
faster uptake of helium might explain why
there were more VGE after helium dives than
after nitrogen dives.’® The deep decompres-
sion stops Momsen®® found necessary after
helium diving could have allowed excess
helium to leave the body in the dissolved
state rather than as VGE, thus reducing the
potential for transpulmonary passage (see
the side bar in Chapter 4, “Return of the Deep
Stop”).

Doppler studies have found VGE to be
common after routine recreational air diving
and to be predictively associated with the
diver and dive profile,5”%® but the frequency
with which VGE might pass through the pul-
monary circulation is unknown. Determining
whether transpulmonary passage is sig-
nificant in neurologic DCS should be a prior-
ity because a predictive model of VGE
could control their incidence. VGE are easier
to model than DCS because of their high
incidence.’$% This would also address the
added risk of neurologic DCS in divers with
PFO that has been considered insufficient to
justify PFO screening (see Chapter 8).
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VGE may have a direct pathway to the epi-
dural vertebral venous plexus of the spinal
cord (Batson’s plexus) through vessels that
connect the systemic venous circulation to
the epidural vertebral venous plexus at
various locations.5-62 These connections are
a proposed conduit by which pathogens,
tumor cells, and VGE might reach the
epidural vertebral venous plexus from the
systemic circulation. This is the basis for
the venous infarction hypothesis of the
spinal cord, although its active involvement
in spinal DCS is uncertain.

FACTORS AFFECTING RISK
OF DECOMPRESSION
SICKNESS

Bubbles that initiate DCS are composed
largely of inert gas, and factors that affect
bubble nucleation or inert gas exchange
might be expected to influence DCS risk. In
addition, “host” factors such as age, gender,
and weight, although not causes, can
influence individual susceptibility.

Pressure Profile

DCS signs and symptoms differ with the pres-
sure profile and breathing gas. Neurologic
symptoms are most common after short
deep dives®? or altitude exposures with little
or no preoxygenation.283% Neurologic symp-
toms are rare for altitude exposures with
long periods of preoxygenation,$* after long
shallow low-pressure caisson profiles,326> or
during slow decompression from saturation
dives.® Chokes and pain are most common

Figure 7-17. The incidence of Doppler bubbles for
recreational divers after the first dive of the day and
after repetitive dives as a function of the maximum
dive depth.5” The incidence of Doppler bubble grades
2 and 3 increased with maximum dive depth for first
dives and repetitive dives.

after long shallow dives or altitude exposure
without preoxygenation.5?

The association of spinal DCS with short,
deep dives suggests that tissues responsible
for spinal symptoms might exchange inert
gas more rapidly than tissues responsible for
pain. Figure 7-17 indicates that Doppler-
detected VGE after open-water recreational
diving increased with the dive depth and
were more common after repetitive dives
than after the first dive of the day.""® In
addition, VGE may originate from relatively
fast tissues because the VGE incidence
decreased with slow ascent rates,” deep
decompression stops,®® and “safety stops”
after no-decompression (no-D) dives.6970
These techniques might decrease the risk of
neurologic DCS by reducing both VGE and
inert gas tension.

Acclimatization
to Decompression

The phenomenon of acclimatization was dis-
cussed under Decompression Sickness and
the Theory of Bubble Formation. Haldane
had recognized acclimatization and recom-
mended part-time duties for new caisson
workers.”! A Hong Kong tunnel project also
provided evidence of acclimatization: The
DCS incidence was 3.7 times greater for the
first five exposures than for subsequent
exposures.3?

Acclimatization during air diving has
proved difficult to demonstrate. Using
Doppler-detected precordial bubbles as an
index of acclimatization, Eckenhoff and
Hughes™ could find no evidence in 14 sub-
jects during 12 single daily air dives for
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30 min at 45 m (150 feet). A more recent
Doppler study of multiday, repetitive, open-
water recreational diving (Fig. 7-18),
however, found that the incidence of grade 2
and 3 bubble signals decreased by 20% to
30% over 6 consecutive days of diving for the
first dive of the day and for repetitive dives
on the same day (P < .001).>4% The discrep-
ancy between the chamber and open-water
studies may reflect differences in the diving
exposures or diving environment.

There is evidence of acclimatization to
DCS in helium-oxygen diving. Tolerance was
greater among divers making progressively
deeper no-stop exposures than among divers
first making deeper exposures.” In dives to
82 to 91 msw (270 to 300 fsw) for 15 to
20 min, 1 DCS incident occurred in 12 trials of
“worked-up” divers and 6 incidents occurred
in 6 trials without workup (P < .001).7 In
dives to 36 msw (120 fsw) for 40 min, no inci-
dents occurred in 40 trials of worked-up
divers and 6 incidents occurred in 17 trials of
fresh divers (P < .005).>47 The workup effect
seemed to persist for up to 4 days. Precordial
Doppler bubble scores decreased progres-
sively in seven divers who made three dives
to 36 msw (120 fsw) for 20 min at 5-day
intervals.”® Because helium is exchanged
more rapidly than nitrogen (see Fig. 7-16),
helium dives would more closely approach
the inert gas saturation levels of caisson
exposures than would nitrogen dives. Thus,
acclimatization to diving with helium might
be more readily apparent than for diving
with breathing gases that contain nitrogen.
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Figure 7-18. The incidence of Doppler bubbles for
recreational divers for the first dive of the day and for
repetitive dives as a function of the day of the trip
during multiday diving.5” The incidence of Doppler
bubble grades 2 and 3 decreased during the course of
the trip for first dives and repetitive dives.
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Exercise

Exercise influences both bubble nucleation
and inert gas exchange. The effect of exer-
cise also depends on the phase of the pres-
sure exposure in which the exercise occurs.

EXERCISE BEFORE PRESSURE EXPOSURE:
BUBBLE NUCLEATION

Animal studies have demonstrated increased
bubble formation due to exercise before
decompression.2”27- Anecdotal reports in
humans have linked weight lifting and long-
distance bicycle racing with increased DCS
risk.#%80 Other forms of pre-exposure exer-
cise have been associated with unusual DCS
after diving®! and during altitude exposure.8

Dervay and colleagues!® found that deep
knee bends increased the incidence of
Doppler-detected VGE at 22,000 feet of altitude
but that this increase decayed with a half-time
of about 60 min as the period between exer-
cise and altitude exposure lengthened (see
Fig. 7-8). Another study found that heavy
weight lifting had no effect on DCS risk with a
24-hour delay between exercise and exposure
at 30,300 feet of altitude.8?

Studies that investigated the effects of
endurance training in rats and pigs and
found decreased bubble formation and
DCS.84-8 The benefit of physical conditioning
was also suggested by the association of low
VGE incidence with divers in whom maximal
oxygen consumption was high.87

In summary, the effect of exercise before
decompression appears to depend on the
intensity of exercise, the interval between
exercise and decompression, and physical
conditioning. Studies of anaerobic exercise
before altitude exposure in humans and
animals found evidence of increased DCS risk
if the exercise took place immediately or
within several hours of decompression but
that the risk was not increased after a 1-day
interval. Studies of physical conditioning
found that better conditioning reduced the
risk of VGE in humans and of DCS in animals.

EXERCISE BEFORE PRESSURE EXPOSURE:
NITROGEN ELIMINATION

To decrease the DCS risk due to altitude ex-
posure, aviators and astronauts commonly
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Figure 7-19. Respiratory nitrogen elimination from a
subject breathing 100% oxygen at 1 ata while supine or
during 50 watts of supine exercise with arms and legs.%

breathe 100% O, before decompression to
eliminate tissue nitrogen.* The kinetics of
nitrogen elimination are governed largely
by tissue perfusion (see Haldane Decom-
pression Theory: Stage Decompression in
Chapter 4), which is strongly influenced by
physical exercise. A number of studies have
addressed the effect of exercise on respira-
tory nitrogen elimination, VGE incidence,
and DCS risk. Balke3® provided the first evi-
dence that exercise might have a beneficial
effect by showing that exercise during
oxygen prebreathing delayed the onset of
DCS symptoms.

Figure 7-19 shows the cumulative nitro-
gen eliminated at the mouth from a subject
breathing 100% oxygen in a supine position
at rest and during 50 watts of arm and leg
exercise.?” These and similar measurements
demonstrated 25% to 38% increased respira-
tory nitrogen elimination during 25 watts of
arm and leg exercise for 3 hours com-
pared with resting controls. Exercise was
significantly associated with increased respi-
ratory nitrogen elimination in 122 measure-
ments under various conditions (P < .0001).

In subjects who either rested or exercised
at 25 watts during oxygen breathing before
decompression to 30,300 feet (9236 m) of
altitude, the DCS incidence was 39% with
rest (32 cases of DCS in 82 trials) and 16.7%
with 25 watts of exercise (7 cases of DCS in
42 trials; P = .0003).8° Webb and coworkers
(1996) found that a higher level of exercise
for a shorter time interval was also effective

at reducing DCS risk at 30,300 feet.?* A 1-hour
resting oxygen prebreathe was compared
with a 1-hour prebreathe that began with
10 min of arm and leg exercise at 75% of
maximum oxygen consumption. The inci-
dence of DCS with this resting protocol was
77% (20 cases of DCS in 26 trials), whereas
the incidence of DCS with the exercising pro-
tocol was 42% (11 cases of DCS in 26 trials;
P=.0.0109).

EXERCISE AND DECOMPRESSION
FROM THE SPACE STATION

The concepts described in the previous sec-
tions have been applied to the decompres-
sion of astronauts for extravehicular activity
(EVA) from the International Space Station.
EVA in the Space Shuttle had previously been
conducted from a cabin pressure of 14.7 psia
to a space-suit pressure of 4.3 psia using a
12- to 36-hour decompression stage at an
intermediate pressure of 10.2 psia with 26.5%
oxygen.’! This procedure proved effective,
and no DCS was reported during Shuttle EVA.
The Space Station was designed for a fixed
pressure of 14.7 psia, however, and staged
decompression could be accomplished only
with difficulty in a small lock. The excessive
length of staged decompression would also
make the increased frequency of EVA
planned for Station operations impossible.
Operationally, a 2.5-hour pre-EVA protocol
was preferred for the Space Station that
would involve oxygen prebreathing at
14.7 psia followed by direct decompression
to the suit pressure of 4.3 psia. Previous
studies had observed DCS incidences of 20%
to 40% at 4.3 psia after prebreathe times of
3.5 to 5 hours.54%9 In these studies, DCS was
90 to 95% limb pain with the legs being the
most frequent location. Figure 7-20 shows
the location of limb pain among various
groups exposed to decompression®??? and
reveals that DCS in the legs occurred more
than twice as often in people who were
standing or walking (caisson workers, tunnel
workers, saturation divers, altitude subjects)
than in those who were seated (aviators) or
immersed (bounce divers). Immersion is
commonly used to simulate the microgravity
of space,??* which suggested the hypothesis
that the antigravity stresses in the legs
involved in standing were a source of gas
nuclei responsible for bubbles that caused
DCS (see Decompression Sickness and the
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subjects pain in six populations affected by
decompression sickness (DCS).8%92

Theory of Bubble Formation). Because
ground-based EVA trials had traditionally
used standing subjects, a study was con-
ducted to find whether the incidence and
location of DCS would change for reclining
subjects. The results (see Fig. 7-9) showed
significant reductions in DCS and VGE and
were consistent with gravity as a DCS risk
factor that is absent in astronauts, divers,
and persons who are seated or reclining.

Dervay and associates!? provided evi-
dence that antigravity exercise generated
VGE and showed that this effect resolved
with a half-time of about 60 min (see Fig. 7-8).
To improve the simulation accuracy of
ground-based EVA trials, a new EVA protocol
was developed in which subjects reclined for
3 hours to allow the effects of prior antigra-
vity activity to dissipate before altitude
decompression.”® This protocol used arm
and leg exercise to accelerate nitrogen elimi-
nation during oxygen prebreathing. Trials of
several exercise regimens led to a 2-hour
oxygen prebreathe with 10 min of heavy
exercise as specified by Webb and col-
leagues,” followed by 40 min of light exer-
cise. The protocol was tested 50 times
without DCS? and has been used in 34 EVAs
from the Space Station since installation of
an air lock in 2001.

A recent study by Balldin and coworkers??
has questioned the effect of simulated weight-
lessness on DCS incidence. During a 60-min
oxygen prebreathe, subjects performed
10 min of arm and leg cycle exercise at 75% of
maximum oxygen consumption followed by
50 min of rest. During the subsequent altitude
exposure at 4.3 psia, 26 control subjects

conducted EVA-simulation exercises while
standing and walking while 39 reclining sub-
jects performed the same exercises. The
overall DCS incidence was the same, 42% in
the control subjects and 44% in the reclining
subjects, and the overall incidence of VGE
(grades 1 to 4) was 81% in the controls and
51% in the test subjects, significant at
P=.0158.

The lack of a significant difference in DCS
incidence between standing and reclining
subjects did not support gravity as a DCS
risk factor and differed from the prior results
(see Fig. 7-9).!1 Heavy exercise had been con-
ducted only 50 min before altitude exposure,
however, which may have been inadequate
to dissipate the effects of exercise on bubble
nucleation (see Fig. 7-8).19 The interesting
and opposing effects of exercise on DCS and
VGE deserve further investigation.

EXERCISE AT DEPTH DURING DIVING

Just as exercise during oxygen breathing
accelerates nitrogen elimination, exercise at
depth during diving accelerates nitrogen
uptake. Behnke and Willmon®> demonstrated
that exercise at sea level increased the rate
of whole-body inert gas uptake. Nitrogen
elimination measured at sea level after exer-
cising no-decompression (no-D) air dives
was also greater than after resting dives.?
Figure 7-21 shows that a diver who exer-
cised during 25 min exposures at 30 m
(100 feet) eliminated 20% to 60% more nitro-
gen at 1 hour after decompression to sea
level than did the same diver at rest.
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Figure 7-21. Respiratory nitrogen elimination
measured at 1 ata after 25-min dives to 100 fsw

(30 msw).”® While at depth, the subject was at rest in
six studies and exercised in five studies.

Van der Aue and associates® found that
the incidence of DCS among resting divers
was 11%, whereas among working divers it
was 21% on the same schedules. DCS
occurred most frequently in limbs exercised
vigorously at depth. In other tests, Van der
Aue and colleagues!'® reported that air-
decompression schedules, which were safe
for resting divers, led to a DCS incidence of
20% to 30% in working divers. Buehlmann!®!
found that divers doing light work during
helium-oxygen dives required 20% to 40%
more decompression time than resting
divers.

The effects of exercise on total decom-
pression time were studied in 260 decom-
pression dives in a hyperbaric chamber
using a closed-circuit mixed-gas breathing
apparatus at a constant oxygen partial pres-
sure of 0.7 or 1.4 atm in nitrogen diluent
gas.?” The dive depths were 100 and 150 fsw
with a 60-min bottom time, and the divers

Figure 7-22. The effects of exercise and total
decompression stop time on the incidence and
estimated probability of decompression sickness
(DCS) in humans after 60-min dives to 100 fsw
(30 msw) while breathing 0.7 atm of oxygen in
nitrogen.*

were dry and at rest or immersed in 20°C
water while swimming at light or moderate
exercise (oxygen consumption 1 L/min or
2 L/min, respectively). There were 13 DCS
cases, for an overall incidence of 5%.
Figure 7-22 shows the estimated effects of
exercise on the total decompression time
after a 60 min dive to 100 fsw. The experi-
mental outcomes in DCS dives are shown as
circles. The estimated total decompression
stop time to achieve a 20% DCS incidence
with light work was 10 min. With moderate
work, the estimated total stop time was
100 min. Just as exercise during oxygen pre-
breathing reduced DCS risk during altitude
exposure by accelerating nitrogen washout
(see Exercise before Pressure Exposure:
Nitrogen Elimination), so exercise at depth
during diving accelerated nitrogen uptake
and increased the postdive DCS risk.

EXERCISE DURING OR AFTER
DECOMPRESSION

Exercise during decompression and exercise
after decompression are different phenom-
ena. In the first half of the twentieth century,
U.S. and Royal Navy divers routinely exer-
cised during decompression because exer-
cise was thought to accelerate nitrogen
elimination and reduce decompression
risk.102103 Suybsequent altitude and diving
experiments, however, showed that exercise
increased DCS incidence and severity and
reduced the onset time. After decompression
to 11,582 m (38,000 feet) of altitude, for
example, the DCS incidence increased 32% in
subjects who did five push-ups and five deep-
knee bends every 15 min.!'" The increased
incidence was equivalent to an additional
1524 m (5000 feet) of decompression. There
was no evidence for increased DCS risk after

DCS
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descent from altitude with moderate exer-
cise at ground level 105

In diving experiments, Van der Aue and
associates!% found a 34% increase in DCS
incidence in divers who lifted 25-Ib weights
for 2 hours after no-stop dives at 12, 30, and
46 m (40, 100, and 150 feet). Van der Aue
titled this report “The Effect of Exercise
During Decompression...,” even though he
had tested exercise only after decompression.
He recommended that both forms of exercise
be avoided. The prohibition on exercise
endured for 30 years.

If exercise accelerates inert gas exchange,
why would exercise during decompression
reduce DCS risk and exercise after decom-
pression increase risk? The question can be
answered from the differences in inert gas
exchange after bubbles form (see Effects of
Bubbles on Inert Gas Exchange in Chapter 4).
Decompression is designed to avoid or mini-
mize bubble formation so that inert gas can
be eliminated in the dissolved state as it was
absorbed. If decompression progresses too
far, inert gas can become isolated from the
circulation in bubbles. This decreases the
difference between the tissue and arterial
inert gas tensions and reduces gas elimina-
tion rate. Thus, exercise during decompres-
sion can be beneficial if bubbles have not
formed.

If bubble formation has not been exces-
sive, exercise might be expected to acceler-
ate inert gas elimination just as it did during
oxygen prebreathing prior to altitude expo-
sure. The data of Jankowski and colleagues!?7
support this idea: They found that exercise
during decompression reduced the incidence
of VGE. Thirty-minute dives were conducted
with immersed divers resting at 45 msw
(150 fsw). Decompression took place accord-
ing to the Defense and Civil Institute of
Environmental Medicine (DCIEM) Standard
Air Tables,!%® with 55 min of decompression
during which 22 divers rested while 16 exer-
cised intermittently with arms or legs at half
their maximum aerobic capacity for 25 min.
VGE were detected in 77.4% of resting divers
but in only 42.7% of divers who exercised
during decompression (P = .019).

The observation that exercise during
oxygen prebreathing decreases DCS at alti-
tude together with the finding that exercise
during decompression from diving reduces
VGE suggests that exercise during decom-
pression might reduce the decompression
time needed to limit DCS risk. With a 60-min
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dive to 100 fsw with light exercise at depth
and resting decompression, one DCS inci-
dent occurred in 34 dives with 80 min of
decompression time and no DCS occurred in
29 dives with 90 min of decompression (see
Fig. 7-22).4919 When divers performed light
exercise during 60 min of decompression,
26 dives were conducted without DCS. These
data support the idea that exercise during
decompression is beneficial, but further evi-
dence is needed.

Immersion and Temperature

Immersion and temperature affect regional
perfusion and thereby inert gas exchange,
but few specific data are available to sepa-
rate their effects on DCS risk. Moreover,
exercise may exert part of its influence by
warming an immersed diver and increasing
inert gas uptake at depth or inert gas elimi-
nation during decompression. Some of the
key studies are now summarized briefly.

Balldin!!? found that 2 of 10 subjects expe-
rienced DCS symptoms at altitude after
breathing oxygen while immersed in 37°C
water, whereas symptoms developed in 9 of
10 dry subjects (P < .01). Thalmann,>?
however, found no difference between de-
compression in warm (22°C) or cold (7° to
13°C) water. Weathersby and coworkers!!!
estimated that immersion increased DCS risk
by less than 30%, but this analysis was not
controlled for exercise effects and immersed
divers were generally exercising while dry
divers were generally at rest.

Dunford and Hayward!!? studied divers
wearing dry suits in 10°C water during no-D
dives to 78 fsw (23.4 m) for 38 min and found
that bubble scores increased by three times
compared with scores for divers wearing
lg-inch wetsuits. The authors suggested that
cold divers, who were peripherally vasocon-
stricted, absorbed less nitrogen than warm
divers and thereby experienced fewer post-
dive bubbles.

Mekjavic and Kakitsuba!l® exposed four
subjects to dry chamber dives at 30 fsw (9 m)
for 12 hours followed by 3 hours of seated rest
in a 10°C dry environment or, on a separate
day, in a 40°C environment. Three of the four
subjects had Doppler-detected VGE at 10°C;
only one of four had VGE at 40°. (The differ-
ence was not significant.) After the 3-hour
Doppler monitoring period, all subjects took
hot showers, and three of four 10°C subjects
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experienced mild shoulder pain 4 to 6 hours
after surfacing whereas four of four experi-
enced pruritus or shoulder pain. None of the
40°C subjects experienced symptoms.
Compared with none of four, three of four
was significant at P = .029 and four of four
was significant. The authors speculated that
cool subjects had more bubbles because
decreased peripheral perfusion reduced the
nitrogen elimination rate. The authors sug-
gested that mild DCS symptoms developed in
cool subjects after hot showers because the
nitrogen solubility decreased, raising the
local nitrogen gas tension. They concluded
that a hot shower after diving might be a DCS
risk factor in cold divers.

Leffler and White!! discussed the salvage
operations of TWA Flight 800 that also
focused attention on the role of temperature
in DCS. At the start of these operations, the
divers used wet suits and experienced no
DCS in 16 exposures with decompression
according to the U.S. Navy Surface
Decompression with Oxygen (SDO, ) Table.!!>
When they switched to hot-water suits for
better thermal protection, 5 DCS cases
occurred in 14 dives, a significant increase in
DCS incidence (P = .036). This problem
appeared to be corrected by “jumping”
schedules, i.e., decompressing according to
schedules for longer or deeper dives. With
the standard SDO, decompression time, 5
DCS cases occurred in 14 dives with hot-
water suits. When a mean of 15.3 min extra
SDO, decompression was added, 3 DCS cases
occurred in 653 dives, a significant decrease
in DCS incidence (P < .0001). Neurologic or
respiratory signs or symptoms were present
in seven of the eight TWA 800 DCS cases,
raising the question of whether SDO, or hot-
water suits predisposed to serious cases.
Shields and Lee!!® had addressed this ques-
tion in a study of commercial diving and con-
cluded that hot-water suits contributed to
the overall DCS incidence and the proportion
of serious cases.

To further investigate the effects of water
temperature on DCS risk and severity,
Leffler''” analyzed published data that had
not been evaluated statistically, including 62
DCS cases in 11,662 dives!!'® and 147 DCS
cases in 1507 dives to develop and test the
U.S. Navy SDO, tables.!® Leffler concluded
that the association of hot-water suits and
DCS in the data of Shields and Lee was sug-
gestive (P = .07) but recognized the uncer-
tainties of an analysis without original data.

With more DCS cases and greater detail from
the Van der Aue data, Leffler found that the
DCS risk increased by an odds ratio of 1.96
for each 10°C increase in ambient water tem-
perature (P = .0007). The odds of DCS also
increased by 88.6 for doubling the dive depth
and by 10.3 for doubling the bottom time
(P < .0001). Each hour of chamber decom-
pression time reduced the DCS odds by 0.03
(P < .0001). When statistical controls were
applied for differences in dive-profile charac-
teristics, temperature was not associated
with serious DCS but serious DCS was asso-
ciated with shorter bottom times, fast
average ascent rate in the water, and long
chamber time.

Individual Factors

Although difficult to measure, individual sus-
ceptibility appears to significantly affect DCS
risk. Caisson workers with a history of previ-
ous DCS were more likely to experience
future DCS.!8 In a group of 376 compressed-
air workers studied during 40,000 exposures,
the mean DCS incidence was 0.87%. Fifty-five
percent of the workers, however, had an inci-
dence below the mean, 11% had an incidence
equal to the mean, 6% had twice the mean
incidence, and 10% had 5 times the mean
incidence.!’” The remaining 18% experienced
an incidence 28 times the mean but left work
after only a few exposures.

Age and body fat are possible causes of
individual variability. Age has been consid-
ered a contributing factor since the first
study of DCS by Pol and Watelle.!?° Age was
implicated as a risk factor in 11 reports on
diving, caisson, and altitude exposure.!20.121
Three reports found no association with
age.!18122123 Using the relationship between
age and altitude DCS developed from data on
52,000 subjects, Gray!?’ estimated a 28-year-
old man to be twice as susceptible to DCS as
an 18-year-old. Factors associated with age
that might affect susceptibility include body
fat, degenerative joint disease, changes in
pulmonary function, cardiovascular disease,
and obesity.123

Body fat has been implicated as a DCS risk
factor since the earliest observations.!?’ The
effect of body fat is usually explained by high
nitrogen solubility, which increases nitrogen
absorption and bubble growth. Three animal
studies and 12 human studies report an
association of DCS and body fat in diving,
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altitude, and caisson work!18124; two diving

studies found no association.!?212> Citing the

relationship between altitude DCS and
weight/height ratios in 49,000 subjects,

Gray'?’ estimated that a 178 cm (70 inch) tall,

89 kg (196 1b) man was twice as susceptible

as a 57.3 kg (126 Ib) man of the same height.

For altitude exposure, DCS risk increased

significantly with the weight/height ratio®’

and with weight.126

The reports of Wise!?? and Curley and
colleagues!® stand out in finding no associa-
tion between DCS and body fat. Wise!??
studied 1131 U.S. Navy divers, 63% of whom
experienced DCS; Curley and associates!?
studied 376 U.S. Navy divers, 30% of whom
experienced DCS. The reason for the lack of
association is uncertain, and several factors
are possible:

e Navy divers may be younger and healthier
than other subjects.

e Body fat may have a different effect in
short dives than in caisson or altitude
exposures.

e High body fat may protect against DCS in
cold water.

e Modern diving procedures are less severe
than earlier procedures.

Carturan and coworkers®” found that age,
weight, and maximum oxygen consumption
were significantly associated with Doppler-
detected VGE but that the percentage of body
fat was not. Dunford and colleagues®’*® found
that age and gender were associated with
Doppler-detected VGE (Fig. 7-23). Webb and
associates!?6 also found a higher incidence of
VGE in women exposed to altitude but no dif-
ference between men and women in DCS risk.
However, women using birth-control medi-
cation were more susceptible during the last
2 weeks of the menstrual cycle. Doyle and
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colleagues!?” had also observed that women
using birth-control medication appeared to
have a higher DCS risk.

Multiple factors can provide a stronger
indication of individual susceptibility. Gray!20
found susceptibility differences of 2:1 and 5:1
with age and body type alone, but differ-
ences of 8:1 could be distinguished with age
and body type together. Lam and Yau!'® con-
trolled for the effects of multiple variables by
logistic regression and found increased indi-
vidual susceptibility associated with body
mass index, previous DCS incidents, and a
job as an engineer or miner.

In summary, there is strong evidence that
individual factors affect one’s susceptibility
to VGE and DCS, but many of these effects
have been obscured by data and analysis
that lack experimental or statistical controls,
particularly for differences in exposure.

DECOMPRESSION SAFETY

The problem of decompression safety has
been addressed empirically with consider-
able success for over 100 years, and similar
valuable efforts will undoubtedly continue.
Although the empirical approach is “good
enough” for many practical purposes, it is
frustrating and inefficient in the long run.
Decompression safety is an unfinished task.
More effective procedures are needed to
avoid DCS, and improved therapy is needed
when it does occur. The following discussion
emphasizes the evidence-based approach
that has been so successful in such areas of
medical research as cancer and heart
disease but was only recently applied to
environmental physiology and hyperbaric
medicine.!28

Figure 7-23. The incidence of Doppler bubbles for
recreational divers as a function of age and gender.5
The incidence of Doppler bubble grades 2 and 3
increased with age and was greater for males than for
females.
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Classification
of Decompression Injuries

Medical personnel with adequate training
and experience in diving medicine have little
difficulty in diagnosing a decompression
injury for the purpose of deciding on recom-
pression therapy. Suspicion of decompres-
sion injury generally leads to recompression
(if there are no contraindications), with the
final diagnosis pending therapeutic outcome.
A more difficult problem, and the issue add-
ressed in this discussion, is a diagnostic
system for guiding epidemiologic research,
particularly for differentiating arterial gas
embolism (AGE) from DCS. This is necessary
to:
e Evaluate therapies that might be specific
for each form of injury
e Prevent spurious cases of AGE from con-
founding the development of decompres-
sion procedures
e Support prognostic decisions such as
whether and how to evacuate a patient

with a decompression injury from a

remote location

The classification of decompression dis-
orders has evolved with three entangled
purposes: therapeutic, occupational, and
investigational. The U.S. Navy classified
decompression injury as DCS or AGE since at
least 1945 and described DCS as “pain-only”
or “serious symptoms.”?? The point was to
select appropriate therapy. Pain-only DCS
was treated with air at 100 fsw (30 msw;
6 ata) on Treatment Table 1, and serious
symptoms were treated with air at 165 fsw
(50.5 msw; 6 ata) on Table 3. For AGE that
occurred principally during submarine
escape training, treatment was mandatory at
165 fsw on Table 3 or 4.

The terms type I and type 2 DCS were intro-
duced by the United Kingdom Medical
Research Council (MRC) Decompression
Sickness Panel to classify injuries sustained by
compressed air workers.'® Men with type 2
injuries were forbidden from further employ-
ment in compressed air. A report on the
construction of the Dartford tunnel was the
first publication to classify DCS as type 1 or
type 2.130 In this paper, type 1 DCS was
described in 650 men with pain in and around
the joints, and type 2 was described in 35 men
who had symptoms other than pain or who
had abnormal physical signs. Two men with
lung cysts were considered to have type 2
DCS, although the disease described appears

to have been AGE. The MRC classification did
not distinguish between AGE and DCS because
its purpose was occupational health and
safety rather than identifying causes. This
approach reflected an opinion stated later that
the “differential diagnosis between decom-
pression sickness and pulmonary barotrauma
is not an urgent problem as the immediate
treatment of both conditions is the same.”!3!

With the introduction of the U.S. Navy
Oxygen Treatment Tables, pain-only symp-
toms were treated with recompression to
60 fsw (18 msw; 2.82 ata) on the 135 min
Table 5; serious symptoms were treated at
60 fsw on the 285 min Table 6.132 AGE contin-
ued to require treatment at 165 fsw with the
introduction of Tables 5A and 6A. The U.S.
Navy later adopted the MRC terminology and
began to refer to type 1 and type 2,'33 but
etiology remained the guiding principle for
selecting therapy for many years.134

Francis and Smith3? questioned the value
of etiology-based therapy because:

e AGE and type 2 DCS can be etiologically
indistinguishable.

e AGE can result from arterialized VGE as
well as from pulmonary barotrauma.!35.136

e Animal data and clinical experience sug-
gested that AGE and neurologic DCS
responded equally well during therapy at

60 fsw.137

If the traditional classifications—type 1
DCS, type 2 DCS, and AGE—have neither
etiologic nor clinical utility, Francis and
Smith3 argued they should be combined and
proposed to include all three under the name
decompression illness (DCI). They reasoned
that real progress in understanding causes of
decompression injury would come from min-
imizing examination bias by defining a core
body of information to describe each case
and standardize physical examination. When
cases were distilled into the traditional
classifications, much of this essential infor-
mation was lost.

This therapeutic recommendation has
been adopted widely. The U.S. Navy, for
example, dropped the requirement for treat-
ing AGE at 165 fsw.!33 The proposal to replace
the terms AGE and DCS by DCI has been
more controversial. Distinguishing AGE from
DCS may be unnecessary for the clinical
management of decompression injury, but
such distinction remains a valid goal for
understanding cause, pathology, and progno-
sis and for improving therapy and decom-
pression procedures.
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Diagnosing Decompression
Sickness and Arterial Gas
Embolism

The nonspecific nature of AGE and DCS sug-
gests an exclusionary process for diagnosis
(Fig. 7-24). Step 1 is to gather information
that describes a case. Step 2 involves differ-
ential diagnosis to judge whether the case is
DCI or involves another cause. If DCI is not
excluded, the patient enters the clinical
treatment phase, undergoes recompression,
and is treated according to clinical response.
Following treatment, the purpose of diag-
nosis is to complete insurance claims or
study DCI. Step 3 is to gather information
about therapy and outcome. Step 4 is to
judge whether AGE and DCS occurred simul-
taneously.!®8 If not, Step 5 tests whether AGE
occurred alone; if AGE is ruled out, Step 6 is
to judge whether the case was one of DCS.

Clinical judgment based on adequate
training and experience in diving medicine is
essential for physicians who execute the
process shown in Figure 7-24. The case
description of Step 1 must include enough
information or the diagnosis will be uncer-
tain, if not impossible. Experience indicates
that the important information includes:

e A measure of the diving exposure

e The patient’s medical history

e The onset times of signs and symptoms
after the exposure

e The time and nature of each therapeutic
intervention

e Signs and symptoms determined by physi-
cal examination before and after each
intervention

Laboratory or imaging investigations also
may be helpful.

Step 2 of Figure 7-24, differential diagnosis
of DCI, begins with determining whether a
decompression exposure actually occurred
because DCI can be ruled out in the absence
of such an exposure. Next, other causes are
ruled out by medical history, manifestations
uncharacteristic of DCI, concurrent illness,
pharmacologic effects, or underlying medical
or psychiatric conditions. Table 7-1 summar-
izes terms used to describe DCI charac-
teristics by three groups of diving physicians:
U.S. Navy Diving Medical Officers reporting on
434 definite cases of DCS and 464 marginal
cases during experimental dive trials!®; a
workshop on describing DCI*; and civilian
physicians reporting on 474 recreational
divers treated for suspected DCL1*? Table 7-1

(1) Case information

(3) Recompression outcome information

(4) AGE & DCS?

Figure 7-24. Decision tree for the exclusionary diagno-
sis of arterial gas embolism and decompression sickness.

indicates commonality among the three
groups but differences in specific terms.
Differentiating AGE from DCS requires
additional information about the diving
exposure because AGE can occur after virtu-
ally any compressed gas dive, whereas DCS
is unlikely above a minimum (although
uncertain) exposure. The best exposure
information is a recording of the depth-time
profile, and this is sometimes available from
patients who bring their downloadable dive
computers to the recompression chamber;
more often, however, a poorly remembered
dive profile may be all that is available for dif-
ferentiation and to decide whether the
profile was severe enough to cause DCS.
The end points for investigating DCI are
clinical progress and therapeutic outcome.
Relevant information about outcome, Step 3,
includes the times, durations, and dosages of
oxygen and recompression as well as any
adjuvant therapy (see Chapter 10). The time
course with which signs and symptoms



148 Chapter 7/ Mechanisms and Risks of Decompression

Table 7-1. Terms used to describe decompression illness by the U.S. Navy (USN),!39
Decompression Illness Workshop (DCI),* and Divers Alert Network (DAN)!40.163

USN

Mental sluggishness,
poor concentration,
memory lapse,
“dopey,” groggy,
convulsions

Manifestation Category
Higher function

Coordination Romberg sign,
unsteadiness

Blurred vision, visual
haziness, scotoma,
diplopia

Tinnitus, hearing loss,
vertigo, nystagmus

Tired feeling or
“heaviness” in limb,
paresis, decreased
strength

Vision

Hearing and inner ear

Motor*

Cardiorespiratory Dyspnea, postural
hypotension, chest
tightness, chest pain

on inspiration

Paresthesia, numbness,
tingling, cold or
burning sensation,
“pins and needles,”
hypersensitivity,
anesthesia, sensory
deficit, decreased
sensation,
proprioception

Joint, muscle,
abdominal

Swelling

Sensory*

Pain*
Lymphatic*

Constitutional Headache, nausea,

Manifestation

DCI

Aberration of thought,
memory loss,
personality change,
dysphasia, altered
consciousness,
seizures

DAN

Mental status, personality
change, dysphasia,
calculation,
consciousness, mood,
orientation, alertness

Coordination, ataxia, gait,
balance, Romberg sign

Visual impairment Visual fields, diplopia

Tinnitus, hearing loss,
vertigo, nystagmus

Motor weakness,
strength, cranial
nerves

Tinnitus, hearing loss,
vertigo,

Bladder or bowel
dysfunction, motor
weakness, paresis,
paralysis, paraplegia,
erectile dysfunction,
hemiparesis, reflexes

Shortness of breath,
respiratory distress,
cough, hemoptysis,

Cough, shortness of
breath, chest pain,
hemoptysis, cyanosis,

subcutaneous voice change, cyanosis,
emphysema, postural hypotension
pneumothorax, voice

change

Paresthesia, numbness,
tingling, abnormal
sensation, decreased
skin sensitivity

Paresthesia, numbness,
temperature sensation,
vibration,
proprioception

Girdle, limb Joint, muscle, girdle

Swelling, enlarged or
painful lymph node

Headache, nausea,

Edema, swelling, enlarged
or painful lymph node
Headache, nausea,

fatigue, general
weakness, cold
sweat, pale,

excessive fatigue,
anorexia, vomiting,
malaise

fatigue, vomiting,
dizziness, diaphoresis,
malaise, restlessness,

lightheadedness,
malaise
Skin* Itching, rash, pruritis,
mottling, marbling,
erythema

anorexia,
lightheadedness,
heaviness

Itching, rash, burning,
marbling, urticaria

Itching, redness,
marbling

*Specify location.
Onset time is required for all manifestations.

resolve in relation to therapy is essential, but
relief by recompression is not absolute
confirmation of DCI because nondiving
injuries may benefit from hyperbaric oxygen
and DCI often resolves spontaneously.
Moreover, incomplete relief upon recompres-
sion, especially after a long delay, does not

necessarily exclude DCI because bubbles can
produce persistent secondary damage (see
Chapter 8).

The exclusionary process of Figure 7-24
depends on explicit criteria for each step.
Two sets of exclusionary criteria are given in
Table 7-2, one developed by the U.S. Navy
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Table 7-2. Criteria for excluding decompression illness (DCI), arterial gas embolism
(AGE), and decompression sickness (DCS) according to the U.S. Navy!?? and Divers
Alert Network!40

llinesst
(2) DCI

Category
Exposure

Patient history

Symptom onset
time

Signs and
symptoms

Agency
USN
DAN

USN
DAN
USN

DAN
USN

DAN

Exclusion Criteria”

None: DCS risk was significant in all cases

Single dives to < 30 fsw were excluded unless cerebral
symptoms were present

Sharp pain consistent with joint pain or impact injury

Joint pain or fatigue, mild and consistent with recent
exercise

History indicates a likely nondiving cause

>24 h

>48 h

Skin itch in dry chamber and He-O, dives

Headache, typical and common for the diver

Vague abdominal or chest pain not related to trauma or
barotrauma

Dyspnea from barotrauma or anxiety hyperventilation
syndrome

Inner-ear signs and symptoms clearly due to barotrauma

Signs and symptoms related to concomitant illness or not

149

characteristic of DCI
Bilateral tingling or numbness without objective signs

(4) AGE
and DCS

Symptom n/a
onset time

Cerebral signs or symptoms at >15 min
No signs or symptoms relating to sensation, strength, or

pain

Resolution n/a

(5) AGE Symptom USN

<15 min
None: AGE is unlikely during chamber dives with Navy

divers

Onset time DAN

>15 min post dive

No cerebral symptoms, signs, or findings

Resolution USN n/a

DAN Spontaneous resolution in <15 min

(6) DCS Resolution USN

Vague symptoms not responding to recompression within

18 h

Mild pain persisting for <60 min in one joint or for
<30 min in multiple joints

Moderate pain persisting for <30 min in one joint or for
< 15 min in multiple joints

Severe pain persisting for <15 min in one joint or for
<8 min in multiple joints

DAN Spontaneous resolution in <60 min

Spontaneous resolution in <20 min with surface oxygen

breathing

“Meeting a single criterion is exclusionary.
7(2), (4), (5) and (6) refer to steps in the decision tree of Figure 7.24

for diagnosing DCS after experimental
chamber dives!'® and the other developed by
the Divers Alert Network (DAN) to diagnose
DCI and to distinguish AGE from DCS in
recreational diving.'*? The exclusionary crite-
ria of Table 7-2 apply to Step 2 (Figure 7-24)
and depend on information concerning expo-
sure, patient history, symptom onset time,
and signs and symptoms. In applying these
criteria to dive trials, none of the Navy divers
was excluded for insufficient exposure
because all had been subjected to significant
DCS risk. The DAN divers also had been
exposed to compressed gas, although not

necessarily on dives sufficient to cause DCS.
DAN cases involving single dives to less than
30 fsw (9 msw) were excluded from DCI
unless cerebral signs or symptoms indicated
that AGE might have occurred.

US. Navy exclusions for DCI that were
based on patient history included the possible
effects of recent exercise; for DAN cases,
exclusions were based on possible nondiving
causes (see Table 7-2). The Navy considered
symptom onset times greater than 24 hours to
exclude DCI; DAN excluded cases with onset
times greater than 48 hours. These differences
reflected Navy exposures that occurred on a
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single day and DAN exposures that were mul-
tiday and often involved flying after diving.
The Navy also excluded cases that involved
only vague symptoms or symptoms clearly
related to aural barotrauma or hyperventila-
tion. DAN excluded cases with symptoms not
characteristic of DCI (as indicated by Table
7-1) or that were possibly related to concomi-
tant illness. None of the Navy cases was
excluded from being DCI, whereas 60 DAN
cases were excluded because information was
insufficient to allow diagnosis.

Neither the Navy nor DAN addressed
Step 4 in Figure 7-24, the simultaneous
occurrence of AGE and DCS, also known as
type 3 DCS.1%8 In Table 7-2, this severe form
of DCI was excluded for cases that did not
involve signs or symptoms and onset times
compatible with both AGE and DCS.

The Navy did not discriminate for AGE,
Step 5 of Figure 7-24, because this possibility
was unlikely during chamber dives with Navy
divers. For open-water divers, DAN excluded
AGE when the onset of cerebral symptoms
occurred at more than 15 min after a dive
and for symptoms that resolved sponta-
neously in less than 15 min. Twenty-nine
cases were classified as AGE.

For DCS, Step 6 of Figure 7-24, DAN ruled
out cases that resolved spontaneously within
60 min or within 20 min for divers who
received 100% oxygen at sea level. The Navy
excluded vague symptoms that did not res-
pond to recompression given within 18 hours
of a nonsaturation dive. All remaining cases
were considered DCS or marginal DCS.
Marginal DCS (also known as niggles'?)
included moderate or severe fatigue; skin itch
in immersed, air, or N,-O, divers; skin rash or
mottling unless combined with nonpersistent
joint pain; and joint pain that resolved spon-
taneously within the time limits in Table 7-2.

The diagnosis of DCS is usually obvious,
but some cases are ambiguous, and the deci-
sion tree of Figure 7-24 and exclusionary cri-
teria of Table 7-2 constitute a coarse filter
that does not recognize diagnostic uncer-
tainty. With the DAN criteria of Table 7-2, for
example, there would be no difference
between DCS involving paraplegia with onset
30 min after a dive and a case of mild joint
pain at 36 hours. To account for this uncer-
tainty, Neuman'#? suggested that case char-
acteristics be assigned points in which the
point total represents a measure of diagnos-
tic certainty. A large total would be relatively
specific and select few false-positive cases. A

small total would be relatively sensitive and
select few false-negative cases. An investiga-
tor could choose the total score appropriate
for the study’s purpose or could analyze at
several levels of certainty to assess the
importance of diagnostic certainty.

To maximize utility, exclusionary criteria
should be developed and validated by com-
munity consensus, as was done for the
definitions of psychiatric illnesses!¥ and
acute mountain sickness.!%* The need for
consensus also applies to terms that
describe DCI (see Table 7-1). These terms
should be suitable for translation into other
languages to allow comparisons of data from
around the world.

The Morbidity
of Decompression

The term morbidity is used in this discussion
to indicate the overall incidence of DCS for
all nonfatal, unrestricted exposures in a
diving population. The term distinguishes
the population risk from the DCS probability,
which measures the risk of an individual
dive. Table 7-3 lists DCS morbidity rates for
air and nitrogen-oxygen diving as reported
by various agencies. The morbidity in terms
of the number of DCS incidents per 10,000
dives (DCS/10%) was as follows:

e For scientific diving, 0 to 2.7

For recreational diving, 1.0 to 8.4

For commercial diving, 4.7 to 30.7

For U.S. Navy diving, 2.9 to 127.0

For military dive trials, 435.8.

The military dive trials were conducted by
the U.S. Navy, British Navy, and Canadian
forces to develop air and nitrogen-oxygen
diving procedures.'?® Morbidity is often high
in experimental trials when their purpose is
to establish operational exposure limits.

For U.S. Navy diving, morbidity rates were
determined from the following operational
records: 2.9 DCS/10* refers only to no-D dives
at 21 to 55 fsw (6.4 to 16.8 msw) in 1990 to
1994155; 3.0 DCS/10* refers to all no-D dives in
1972 to 1973!56; and 127 DCS/10* refers to
decompression dives and dives at the no-D
limits in 1971 to 1978.157

The dive profiles for most populations in
Table 7-3 are unknown, and a wide variety of
procedure were used; however, for several
populations, separate data were available for
no-D dives, in-water decompression dives,
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Table 7-3. Published and reported morbidity of various diving populations using air
and nitrogen-oxygen breathing gases

Description
Scientific (1990-2000)

Scientific (1989-2002)

Scientific (1985-95, 1998)
Recreational (2001)
Recreational (1992-96)
Recreational (1994-98)
Recreational (1995-2001)
Recreational (1989-95)
Commercial (1993-95)
Commercial (no dates)
Commercial (1986-90)
Commercial (1987-90)
Commercial (1982-83)
USN operations, No-D dives
to < 56 fsw (1990-94)
USN operations, No-D and
decompression (1972-73)
USN operations, No-D limits

Reference

H. Lang (personal
communication)

S. Sellers (personal
communication)

Vann et al.149.150

Ladd et al.1%

Hart et al.!46

Dear et al.!*”

Vann et al.140

Arness!*8

Luby!5!

Beyerstein!5?

Overland!?3

Mills!>4

Shields and Lee!!6

Flynn et al.!

Berghage et al.!56

Berghage and

No. of No. of DCS Cases
DCS Cases No. of Dives per 10,000 Dives
0 39,057 0

25 143,839 1.7
7 26,274 2.7
14 146,291 1.0
25 238,501 1.1
67 198,167 3.4
22 37,000 5.9
84 ~100000 8.4
25 52,692 4.7
20 22,000 9.1
31 26,296 11.8
68 32,908 20.7
79 25,740 30.7
48 163,400 2.9
35 114,926 3.0
205 16,147 127.0
338 7,755 435.8

and decompression Durman!57
(1971-78)
Experimental chamber

trials (1944-94)

Temple et al.!®?

DAN, Diver’s Alert Network; DCS, decompression sickness; NOAA, National Atmospheric and Oceanic Administration;

No-D, no-decompression.

and surface decompression dives. The mor-
bidity rates of these groups are shown in
Table 7—-4. For six of seven no-D dive popula-
tions, the morbidity rate was 0.0 to 2.9 DCS/10*
or similar to that for recreational diving (1.0 to
8.4 DCS/10%; see Table 7-3). The seventh group
only included dives made in 1971 to 1978 to
the full extent of the U.S. Navy no-D exposure
limits!’> and carried a morbidity rate of
134.7 DCS/10%. This observation suggested
the hypothesis that DCS risks at the U.S.
Navy no-D limits were many times greater
than for unrestricted no-D diving within the
bounds of the Navy limits. The hypothesis
was supported by a Navy study of all opera-
tional no-D dives from 21 to 55 fsw (6.4 to
16.8 msw) in which the DCS risk increased
with dive time and depth.'5> The morbidity
rate for bottom-time quartiles in this depth
range increased geometrically (2.2, 2.4, 5.8,
and 12.8 DCS/10%). The morbidity rate for the
deepest dives (51-55 fsw; 15.6-16.8 msw) was
7.3 DCS/10* dives and far exceeded the
2.8 DCS/10* dives morbidity rate for shallower
dives (21-50 fsw; 6.4-15.3 msw).

There appeared to be little difference in
the morbidity rates of no-D dives at the

U.S. Navy exposure limits (134.7 DCS/10%)
and in U.S. Navy decompression dives
126.5 DCS/10%),'57 but the morbidity rate of
commercial in-water decompression dives
(22 to 23.6 DCS/10%) was lower, perhaps
because commercial decompression proce-
dures had been modified to make them more
conservative than the corresponding U.S.
Navy procedures.!615 Commercial in-water
decompression dives carried a lower mor-
bidity rate (22 to 23.6 DCS/10%) than com-
mercial surface decompression dives (30.1 to
49 DCS/10%), suggesting that surface decom-
pression carried a some-what higher risk
although, as Shields and Lee!!¢ pointed out,
surface decompression diving is generally
used for more severe exposures.!16

The National Undersea Research Center
also conducted subsaturation and saturation
decompression diving (see Table 7-4)
(L. Horn, personal communication). The sub-
saturation decompression dives included air
and trimix (helium-nitrogen-oxygen) bottom
mixes with decompression on nitrox and
100% oxygen. No DCS occurred in 1425 dives.
The saturation dives included 3592 excur-
sion dives and saturation decompressions
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Table 7-4. Morbidity rates for specific types of diving

DCS No. of DCS Cases
Cases No. of Dives per 10,000 Dives Description
0 39,057 0 All no-D dives, scientific
(1990-2000)
1 15,094 0.7 All no-D dives, commercial
(1986-90)
1 8,705 1.1 All no-D dives, commercial
(1982-83)
17 108,705 1.6 All no-D dives, USN operations
(1972-73)
25 143,839 1.7 All no-D dives, scientific
(1989-2002)
0 1,425 0.0 In-water decompression,
scientific, NURC (1995-2002)
48 163,400 2.9 No-D dives to <56 fsw, USN
operations (1990-94)
13 965 134.7 Just dives to no-D limits,
USN operations (1971-78)
7 38,447 1.8 All no-D dives, scientific, NURC
(1995-2002)
7 26,274 2.7 In-water O, decompression,
scientific (1985-95, 98)
10 4,548 22.0 In-water decompression,
commercial (1986-90)
5) 2,116 23.6 In-water decompression,
commercial (1982-83)
192 15,182 126.5 In-water decompression,
USN operations (1971-78)
20 6,654 30.1 Surface decompression,
commercial (1986-90)
73 14,891 49.0 Surface decompression,
commercial (1982-83)
3 3.592 8.4 Saturation, scientific NURC

(1995-2002)

Reference

H. Lang (personal
communication)

Overland!®3

Shields and Lee!!6

Berghage et al.16

W. Cobb (personal
communication)

L Horn (personal
communication)

Flynn et al.!>®

Berghage and Durman!®?

L. Horn (personal
communication)

Vann et al.149.150

Overland!®3

Shields and Lee!!6

Berghage and Durman!®?

Overland!®3

Shields and Lee!16

L Horn (personal
communication)

DCS, decompression sickness; NOAA, National Atmospheric and Oceanic Administration; no-D, no-decompression; USN, U.S. Navy;
NURC, National Undersea Research Center.

with three DCS incidents during or after
ascent to sea level.

DCS morbidity is an important measure
of DCS risk, but clinical severity must also
be considered because serious cases are a
greater health hazard than mild cases.
Type 1 and 2 DCS are the commonly avail-
able measures of clinical severity, and
Table 7-5 shows that the proportion of type
2 DCS ranged from 25% to 88% in 11 diving
populations. In general, the proportions of
type 2 DCS were smallest in military dive
trials and commercial dives (25% to 44%),
whereas proportions were larger (67% to
88%) in recreational, scientific, and U.S.
Navy dives.

Table 7-5 also suggests that for popula-
tions with higher proportions of type 2 DCS,
the chance of complete resolution after the
first recompression was lower than for popu-
lations with a lower proportion of type 2 DCS.
Only 25% of DCS cases in military dive trials
were type 2 (despite the highest morbidity),

and 83% resolved completely in a single treat-

ment. For recreational DCS data collected by

DAN, on the other hand, 69% of cases were

type 2 and only 50% were completely relieved

after one treatment. These differences have
several possible explanations:

e The dive trial subjects were closely
supervised by diving physicians, whereas
recreational divers self-reported their symp-
toms, which may have led to under-report-
ing.

e Dive trial subjects may have experienced
better outcomes than recreational divers
because they were often treated sooner.

o Differences in dive profiles between dive
trials and recreational dives may have pre-
disposed recreational divers to serious DCS.
The chamber trials were 26% repetitive and

exclusively single-day,'®? whereas recreational

profiles were 80% to 85% repetitive and 40% to

50% multiday.!4%-162163 Unfortunately, the issue

cannot be resolved at present because the

recreational data are incomplete.
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Table 7-5. Type 2 decompression sickness and recovery with therapy

% Complete Relief

DCS Cases % DCS Type after First Treatment Diving Population Reference
338 24.9 83.1 Dive trials Temple et al.!3?
31 25.8 NA Commercial Overland!%3
20 30 NA Commercial Beyerstein!52
25 40 NA Commercial Luby!!
79 44.3 NA Commercial Shields and Lee!!6
100 52 349 Recreational and Erde and Edmonds!>8
civilian
50 52 NA Recreational and Kizer!5?
other
68 54.4 NA Commercial Mills!34
279 67.0 42.3 Mostly recreational Desola et al.!60
1732* 69.3 50 Recreational Vann et al.!40.161-163
7 71.4 NA Scientific, NURC L. Horn (personal
communication)
48 87.0 NA USN operations Flynn et al.!®5
25) 88.0 NA Scientific W. Cobb (personal

communication)

DAN, Diver’s Alert Network; DCS, decompression sickness; USN, U.S. Navy; NURC, National Undersea Research Center.

*121 AGE incidents were also reported.

Determining Decompression
Safety

Risk depends on the probability and severity
of injury.!%* A high-risk activity could have a
low probability of severe injury or a high
probability of mild injury. Measuring risk
involves estimating probability and charac-
terizing severity. For DCS, these characteris-
tics are inferred from population morbidity
and the proportion of type 2 DCS cases.

Safety can be defined as acceptable risk.164
For commercial diving, say Shields and Lee,
“in considering ‘acceptability’ one must take
into account not only the overall incidence of
DCS, but also its manifestations. Pain-only
limb bends, although not desirable, might be
acceptable as an occupational hazard of
diving; neurologic DCS, with the possibility
of cumulative and perhaps permanent
damage, is not.”116 An overall DCS incidence
of less than 50 DCS/10* dives was quite
acceptable for Shields and Lee, whereas “the
only acceptable incidence for type 2 DCS in
an occupational situation (other than the
exceedingly rare fortuitous event for which
no decompression procedure can cater) is
zero.” For those who expressed an opinion
at the Repetitive Diving Workshop, 2 to
10 DCS/10* dives was acceptable for type 1
DCS whereas 0 to 2.5 DCS/10* dives was
acceptable for type 2 DCS.16>

Acceptable risk is a personal decision for
an individual, but an organization determines
acceptable risk for its constituents through

deliberation, negotiation, and compromise.
The role of science in determining safety is to
develop information about risk as it relates to
exposure and to make this information avail-
able to the arbiters of safety. In the absence
of such information, the process can be
contentious—take the example of flying after
diving. Flying too soon after diving was rec-
ognized as a DCS risk factor during the 1960s,
and limited data were used as the basis for a
number of conflicting guidelines on how long
to wait after diving before flying was safe.
When the guidelines proved divisive, a work-
shop was held in 1989 to resolve the
dispute.!6¢ The workshop published consen-
sus guidelines based on expert opinion, but
experts within the field of recreational diving
continued public disagreement that could
not be resolved by existing data. A second
workshop formulated evidence-based guide-
lines for recreational diving when further
data became available.l67168 Guidelines
should be based on science if safety is to be
negotiated with minimal friction.

Estimating the Probability
of Decompression Sickness:
Models, Data, and Statistics

Table 7-4 indicates that DCS is not a random
event because dives at the U.S. Navy
no-D limits carried greater morbidity
(134.7 DCS/10* dives) than shorter dives
within the no-D limits (0.0 to 2.9 DCS/104
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Table 7-6. Experimental no-decompression dive trial to 60 fsw and probabilities
of decompression sickness estimated by USN93 and by logistic regression to raw data

Observed
Incidence Logistic Model USN93
Time (DCs/104 of Time (DCs/104
(min) DCS Trials Dives) (DCS/104 Dives) Dives) Table or Computer
42 — — — 34 139 Aladdin
45 — — — 39 151 Monitor
48 — — — 44 162 Mares
49 — — — 47 166 Datascan2
50 0 11 0 49 170 DCIEM tables,
Suunto Vyper
51 — — — 52 174 BSAC Tables, Data
Master
52 — — — 54 177 EDGE/Skinny Dipper
55 — — — 64 188 PADI/DSAT tables
56 — — — 68 192 Aeris, Oceanic,
Pelagic
60 — — — 86 206 U.S. and British
Navys
64 — — — 110 220 1993 U.S. Navy
tables
66 0 29 0 126 227
80 1 14 714 350 292
90 2 21 954 796 349
100 2 13 1539 1862 411

Data concerning no-decompression dive trials to 60 fsw are from reference 139; USN93 data from reference 177; dive table and

computer data from reference 183.

BSAC, British Sub-Aqua Club: DCIEM, Defense and Civil Institute of Environmental Medicine; DCS, decompression sickness;
DSAT, Diving Science and Technology; EDGE, Electronic Dive Guide Experience; PADI, Professional Association of Diving Instructors.
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Figure 7-25. The incidence of decompression sickness (DCS) and estimated DCS probability (PDCS) for no-
decompression air dives to 60 fsw (18 msw) as a function of bottom time. The black circles represent the DCS
incidences for experimental dive trials.!®® The lines represent estimates of DCS probability as discussed in the text.
DCIEM, Defense and Civil Institute of Environmental Medicine; DSAT, Diving Science and Technology; USN, U.S. Navy.

dives). To judge whether a dive’s DCS risk is
acceptable, we need to know how risk
changes with depth and bottom time; this is
accomplished by estimating the DCS proba-
bility (PDCS) for specific dive profiles.

PDCS is estimated by fitting statistical
models to known dive profiles for which the

DCS outcomes are also known. Weathersby
and associates were the first to apply this
approach to DCS.1%? The following discussion
adopts U.S. Navy logic in assuming that both
type 1 and type 2 DCS can be described by
the same model, a logic that was supported
by the low incidence of type 2 DCS in dive
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trials and the good success of recompression
therapy (see Table 7-5).139

Table 7-6 and Figure 7-25 provide a simple
example of the process. The first three
columns of Table 7-6 list the results of
88 no-D dive trials to 60 fsw with bottom
times of 50, 66, 80, 90, and 100 min. These
data are from a collection of 8578 experimen-
tal dives that included 434 DCS incidents and
464 marginal incidents.!® Table 7-6 also
shows the no-D exposure limits at 60 fsw cor-
responding to 16 dive tables and computers
(columns 1 and 8).

The DCS incidence for each experimental
bottom time is shown as a solid circle in
Figure 7-25. The solid line is the best fit to the
experimental data by logistic regression (see
the side bar), which estimates PDCS as a func-
tion of the bottom time at 60 fsw. Table 7-6
shows the observed DCS incidence (column
4) and the probabilities estimated for the dive
trials and for the table and computer expo-
sure limits (column 5). According to these
estimates, exposure limits of 45 min (Aladdin/
Monitor) and 60 min (U.S. Navy) correspond
to PDCSs of 39 and 126 DCS/10* dives, respec-
tively. These probabilities are the acceptable
risks estimated by logistic regression to the
raw data that are implicitly associated with
the tables and computers. More than 1000
dives would be required to experimentally
distinguish between probabilities of 39 and
126 DCS/104. Consequently, uncertainty in
comparing the safety of various computers
and tables should not be surprising.

Note that the estimated PDCS for the
U.S. Navy no-D limit of 60 fsw for 60 min
(126 DCS/10* dives) is close to the morbidity
rate observed for operational dives to the
no-D limits (135 DCS/10* dives; Table 7-2). To
achieve a PDCS that Shields and Lee!'® found
acceptable for mild cases (50 DCS/10* dives),
no-D dives at 60 fsw would have to be limited
to 50 min, the exposure limit of the DCIEM
tables.108

Logistic Regression: A Simple Method
for Estimating the Probability
of Decompression Sickness'’®

Linear regression finds the best agree-
ment (or fit) of a straight line to continu-
ous experimental data by minimizing the
least-squares error between the data and
the line. Logistic regression serves a
similar purpose for binary experimental
data, with values of 0 (no DCS) or 1 (DCS)
and a sigmoidal, or S-shaped, curve

having values between 0 and 1 that are
interpreted as probabilities. The logistic
function meets these requirements and
is defined as

P(DCS) = 1/(1 + ePB0+plexl+p2ex2+..3)
(7-1)

where x,, x,, ... are independent vari-
ables, and B,, B, ... are parameters
whose values are chosen to give the best
fit of the binary experimental data to the
estimated probabilities. The best fit is
found by adjusting the parameters to
maximize the likelihood (analogous to
least squares in linear regression), which
is the product of the estimated probabil-
ities for every observation in the data.
Thus,

Likelihood = P,(DCS) ® P,(DCS)
P,(o-DCS) »....

where P,(DCS) is defined by equation 7-1
and P,(no-DCS) = 1 - P,(DCS). Since the
product of many probabilities is a small
number, the logarithm of the likelihood
is often reported.

The simplest approach to the data of
Table 7-6 is to set x, in equation 7-1 to
the bottom time of the dives. The result-
ing probability estimates appear as a
solid line in Figure 7-26. Logistic regres-
sion is a useful mathematical function
but has no physiologic significance.

The simple relationship of bottom time to
PDCS in Figure 7-25 (solid line) is helpful for
illustrating the process of fitting probability
functions to empirical data, but it cannot esti-
mate PDCS for any but no-D dives at 60 fsw. A
more general approach transforms dive-
profile data into a computed measure of de-
compression stress and substitutes this stress
for the variable X, in the logistic equation (see
the side bar). For example, the 60 fsw dive
profile data of Table 7-6 can be transformed
into the supersaturation in a well-stirred tissue
compartment (equation 4-2). The resulting
PDCS estimates appear as a dashed line in
Figure 7-25 and are quite close to the esti-
mates based on the raw data (solid line). This
simple example illustrates the concept of
using empirical diving data to derive general-
ized DCS probabilities.

The simplest approach to estimating DCS
probability for diving is to apply a probabil-
ity model and a deterministic measure of
decompression stress to empirical data as
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just described. For altitude exposures such
as aviation, EVA,'"! or flying after diving,!6”
however, this approach is insufficient
because PDCS changes with the time at alti-
tude. In these circumstances, survival or
failure time analysis can be used to estimate
both PDCS and DCS onset time.l7>17
Although onset time is not as essential for
modeling PDCS in diving data, onset time
provides additional information that can
improve model parameter estimation!” and
adds another dimension for comparing the
performance of decompression models.!!
Tikuisis and Gerth describe probabilistic
modeling in detail, including both incidence-
only and onset-time analysis.!”

The supersaturation model of PDCS
(dashed line in Fig. 7-25) could be used to esti-
mate PDCS for any general dive profile, but
this would be an inappropriate extrapolation
because the model parameters were cali-
brated from only the 60 fsw data (see Table
7-6). In general, statistical estimation is best
when confined to interpolations within the
data to which the model parameters were cal-
ibrated. The parameters of the U.S. Navy prob-
abilistic decompression models were
calibrated against thousands of experimental
dives over the range of depths and times that
were of operational interest, particularly for
long exposures and long decompression
dives. The final model (USN93) included a
probabilistic version of linear-exponential
inert gas exchange!*! (see Chapter 4, Inert Gas
Exchange and Bubbles) and was calibrated to
the DCS incidence and onset times of 2383
dives!™ and validated in 709 verification
trials.!” There was excellent agreement
between predicted and observed DCS for inci-
dences of 200 to 1523 DCS/10* dives.!7

For the experimental trials at 60 fsw, PDCS
estimates by the USN93 decompression
model appear less satisfactory (dotted line
in Fig. 7-25). Although the 88 dives of the
60 fsw data in Table 7-6 were part of the
USN93 calibration data, USN93 underesti-
mated the observed DCS incidence at 60 fsw
for long bottom times and overestimated the
incidence for short bottom times. For
example, if the acceptable DCS risk was
50 DCS/10* dives, the inset of Figure 7-25
indicates that a no-D dive at 60 fsw could not
exceed 17 min and it would be impossible to
achieve the morbidity rates of 1.6 and
2.9 DCS/10* dives reported for operational
U.S. Navy no-D diving (see Table 7-3).

The Navy conducted their dive trials at
the limits of anticipated exposures and toler-

able risks. This had historical precedent and

made practical sense:

o If the most severe dives could be tested
safely, less severe dives might be expected
to be safe and to need less testing.

e Information relating DCS to diving expo-
sure is obtained only when DCS occurs.

e At a cost of about $500 per dry-chamber
trial and at least $1000 for each wet expo-
sure (based on costs at Duke University),
tests of low-risk dives would provide little
information about DCS at high cost.

This is why the DCS incidence of military
dive trials was 436 DCS/10* dives instead of
less than 50 DCS/10* dives, which morbidity
estimates suggest is more typical of open-
water diving (see Table 7-3).

USN93 was a major advance in predicting
DCS risk and provided an excellent fit to its
own calibration data,!”® but it overestimated
the risks of more operationally common
dives such as no-D exposures at 60 fsw for
less than 50 min (see Fig. 7-25). Because the
calibration data involved few low-risk dives,
PDCS estimates for ordinary dives were
extrapolated from high-risk data. Future low-
risk chamber trials are unlikely, but low-risk
data can be collected inexpensively in obser-
vational field studies using depth-time
recorders and recording dive computers.
With a corresponding system to verify the
presence or absence of DCS, low-risk obser-
vational data and high-risk laboratory data
might be combined to provide risk-balanced
data for model calibration.

Observational data on multiday repetitive
diving might also help resolve the question
of the high proportion of serious DCS and
less effective therapy for open-water dives as
compared with chamber dive trials (see
Table 7-5). The Divers Alert Network (DAN)
has embarked on a program to collect obser-
vational data (Project Dive Exploration); as
of 2001, DAN had accumulated 36,711 indi-
vidual dive profiles from 3787 divers in which
22 DCS incidents occurred (Fig. 7-26).140

U.S. Navy Probabilistic
Decompression Procedures

In spite of the difficulty in accurately predict-
ing low DCS risk, USN93 has been an impor-
tant yardstick for grading dive-profile
severity and a useful tool for developing
decompression procedures.!”?

Upon examining the results of their exper-
imental trials, the U.S. Navy judged that the
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no-D exposure limits that were acceptable
corresponded to a PDCS of 230 DCS/10*
dives. This became the “target” PDCS for
dives with decompression times of 0 to
20 min.!” For decompression times of 20 to
60 min, the target PDCS was allowed to rise
from 230 to 500 DCS/10* dives. A “sliding”
target was used because USN93 estimated
much longer decompression times than the
corresponding schedules in the approved
U.S. Navy Standard Air Decompression
Tables.!!> The Navy considered 60 min to be
the longest acceptable time for in-water
decompression, and dives with longer
decompressions were listed as exceptional
exposure. The target PDCS for exceptional
exposure dives was 500 DCS/10* dives until
the decompression time reached 180 min,
after which the target increased from 500 to
1000 DCS/10* dives as the decompression
time rose from 180 to 220 min.

The USN93 no-D exposure limits were
longer than the Standard Air limits at 90 fsw
(27 msw) and deeper and shorter than the
Standard Air limits at 30, 35, and 40 fsw
(9, 10.7, and 12 msw).!'”7 USN93 decompres-
sion schedules were substantially longer
than the Standard Air schedules but with
lower estimated PDCS.'" Because of com-
plexity, the USN93 decompression algorithm
did not lend itself to repetitive diving accord-
ing to the familiar methods of the Standard
Air Tables. An alternative method was devel-
oped whereby every dive was assigned an A-
to-Z “exit state” similar to the Repetitive
Group of the Standard Air Tables, and a
separate table of schedules was prepared for
each exit state. The USN93 tables were as
flexible as the Standard Air Tables but not as
compact.

Ultimately, the USN93 tables were not
accepted by the U.S. Navy as a replacement for
the Standard Air Tables (Dr. E.D. Thalmann
and Dr. E.T. Flynn, personal communication).

Figure 7-26. Data collection progress for Project
Dive Exploration.!4’ Data represented include the
number of divers in the database, the number of
dives collected, the number of divers who underwent
recompression for decompression sickness (DCS),
and the DCS morbidity per 10,000 dives.

The Navy did not perceive a problem with the

existing tables that needed to be fixed, and the

new tables were thought to reduce capability
because:

e Shallow no-D exposure limits were shorter
and might restrict a ship’s husbandry
diving.

e Dives that were formerly available for
routine use were now classified as excep-
tional exposure.

e Repetitive diving procedures were complex.
These views were largely determined by

Master Divers—practitioners with strong

grounding in tradition. Perhaps this is as it

should be. New tactics, equipment, or revolu-
tionary concepts (such as probability in
diving) are historically slow to be accepted by
the military, with good reason. Change is ex-
pensive and time-consuming, and the conse-
quences of being wrong can be catastrophic.
For those less wedded to practice and tra-

dition, probability might be viewed differently
given the uncertainty of the present U.S. Navy
tables. In 1972 to 1973, only 4% of the 113,007
operational air dives conducted required
decompression,'®s and this fraction was less
than 4.7% in 1990 to 1994 (Dr. E.T. Flynn, per-
sonal communication). U.S. Navy dive trials
found specific areas of concern:

¢ In tests of the 200-min no-D exposure limit
at 40 fsw, two DCS incidents occurred
(one joint pain, the other with cerebral
findings and residual effects) in 91 trials
(220 DCS/10* dives).1™8

e Trials of Standard Air Decompression
schedules resulted in four DCS incidents in
77 trials (519 DCS/10* dives)!”™ and sug-
gested that some of the Standard Air
Schedules would benefit from tripling the
decompression time.!74

e When DCS occurred operationally, the
problem was often fixed by ad hoc reduc-
tions of bottom time or increases in
decompression time.!14
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Chapter 7

Probabilistic Decompression
Procedures for Underwater
Archeology

Probabilistic modeling was also used to
develop decompression schedules for under-
water archeology. In the late 1960s, the
Institute of Nautical Archeology (INA) began
using in-water oxygen decompression with
the U.S. Navy Standard Air Tables during the
excavation of ancient shipwrecks in the
Mediterranean Sea on the unofficial recom-
mendation of Dr. Robert Workman, then
Senior Medical Officer at the U.S. Navy
Experimental Diving Unit.!# Although un-
documented, the success of this technique
(supported by an on-site recompression
chamber with medical personnel for manag-
ing diving injuries) led to a formal effort
beginning in 1985 with orderly records of
diving activity and, in 1988, to a series of
probabilistic decompression schedules based
on models.2%180.181 Methods for introducing
new diving procedures in the field were
adopted as outlined by Schreiner and
Hamilton,!#2 including:

e Approval of an Institutional Review Board
e Approval of a Decompression Monitoring

Board
e Documentation involving written dive logs
e A recompression chamber and diving

medical personnel on site
e Incremental introduction of the new

procedures

The INA decompression schedules were
for dives to a maximum depth of 200 fsw,
with bottom times of up to 40 min and
oxygen decompression at 20 fsw. There were
two dives per day with a 5- to 6-hour surface
interval. The diving season was June through
September, with 6 dive days per week. The
approach to acceptable DCS risk was empiri-
cal and similar to that used by the U.S. Navy
for USN93. Based on previous INA experi-
ence, a target PDCS of 150 DCS/10% dives was
selected for the first dive and a target of
100 DCS/10* dives was selected for the
second dive.

Table 7-7 compares the decompression
schedules for 20 min dives to 150 to 200 fsw
with the Standard Air schedules and the
USN93 schedules. The divers breathed air
during decompression at 40 and 30 fsw. All
other decompression in the INA schedules
occurred at 20 fsw while divers breathed
100% oxygen. In 1998, oxygen decompres-
sion schedules were introduced for dives to
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120 fsw with a bottom gas of 32% oxygen in
nitrogen.!® Seven DCS incidents (3 DCS/10*
dives) and no oxygen toxicity were reported
for 26,274 dives using all INA schedules.!49:.150

CONCLUSIONS

Statistical methods used in probabilistic
modeling are not wise in themselves and are
simply data-fitting tools that compensate
for ignorance regarding underlying mech-
anisms. Bubble formation, inert gas
exchange, and pathophysiology cannot be
assumed to be identical in the brain, spinal
cord, and limbs. This is why decompression
modes should represent premorbid physiol-
ogy as closely as possible and why under-
standing this physiology has practical
importance. Relating physiology to decom-
pression safety is an epidemiologic problem
associated with finding the probability of
injury in the context of the individual, the
environment, and the exposure. Much will
be gained by formalizing operational and
clinical methods and by applying analytical
techniques used widely in science and
medicine.
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GHAPTERE! Pathophysiology of

Decompression Sickness

This chapter describes the physiologic and
pathologic consequences of a gas phase that
evolves within tissues or blood as a conse-
quence of reduced ambient pressure. The
chapter does not detail the effects of changes
of ambient pressure on gas phases that nor-
mally exist in the body or the consequences
of gas phases that evolve in tissues from
iatrogenic, traumatic, or infective sources.

MECHANISMS OF DISEASE

The pivotal pathologic event in decompres-
sion sickness (DCS) is the formation of
bubbles in blood or tissue from dissolved
inert gas.! This occurs when a state of inert
gas supersaturation is achieved during de-
compression; that is, the tension of dissolved
gas exceeds ambient pressure sufficiently for
bubbles to form. Multiple organs may be
involved. Some, such as the lungs, are
injured primarily by intravascular bubbles;
others are injured by bubble formation
within the tissue. Some organs, such as
the spinal cord, may be affected by both
intravascular and tissue bubbles.

Inert Gas Bubbles in Blood

Doppler ultrasonic devices have yielded a
mass of evidence that intravascular bubbles
are associated with DCS in both animals®7
and humans.3-16 However, the exact mecha-
nisms whereby intravascular bubbles are
formed from dissolved gas are unknown.
Physical theory predicts that the inert gas
supersaturation required to overcome sur-
face tension and form bubbles in pure solu-
tions de novo is much greater than could be
achieved in a conventional diving exposure!’;
in practice, however, venous bubbles have

T. James Francis
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been detected in humans after air satu-
ration dives at 135 kPa (3.5 msw).!® Hypoth-
eses to explain this discrepancy focus on
bubble formation on hydrophobic surfaces!?
or the existence of preformed gaseous
“micronuclei”?%-22 that are stabilized by
surfactants? and are small enough to remain
undetectable.

Although arterial bubbles have been
observed in decompressed animals,?24-26
bubbles are unlikely to form de novo in large
arteries. Inert gas supersaturation sufficient
to provoke bubble formation is improbable
in arterial blood because the healthy lung
essentially equilibrates alveolar and arterial
gas tensions in a single pass. Arterial super-
saturation may occur in a very rapid ascent
of 20 fsw/s™! or greater,2”?® but arterial
bubbles have proven difficult to demonstrate
even under these conditions.?® In contrast,
the venous end of capillary beds or venous
sinusoids may provide a more suitable envi-
ronment for bubble formation because the
prevailing conditions are of low hydrostatic
pressure and high gas tension as nitrogen dif-
fuses out of tissues into the blood. However,
this explanation is almost certainly too
simplistic; Vann and Thalmann® summarize
data that demonstrate isolated venous blood
to be quite resistant to bubble formation,
and complex mechanisms are almost cer-
tainly involved.

Whatever the specific location and mech-
anism of their formation, venous bubbles,
unlike arterial bubbles, have been detected
frequently in divers.?31-3¢ They range in size
from 19 to 700 m,?” and their number appears
to be proportional to the decompression
stress.3® The time course of bubbling may be
prolonged. In dogs subjected to a moderately
severe decompression stress, central venous
bubbles were detected within 5 min of de-
compression; bubble activity peaked at
25 min, remained stable for 1 to 2 hours, and

165



166 Chapter 8 Pathophysiology of Decompression Sickness

decreased thereafter.?® In humans, bubbles
have also been detected within minutes of
diving, although latent periods of more than
1 hour have been recorded.?’ In decompres-
sion to altitude, there is some evidence that
DCS symptoms develop at the peak of
venous bubbling,*! although other invest-
igators have reported that the extent of
Doppler-detected venous bubbling corre-
lates poorly with the occurrence of DCS.40

Blood vessels are a target for damage by
intravascular bubbles. Bubbles may injure
both the luminal surfactant layer*? and
endothelial cells,*3-% which reduces the
integrity of the vessels.??47 Although the
interactions between bubbles and blood
vessels are relevant to the development of
lung injury in DCS (see later), the greatest
impact of these interactions is on the cere-
bral circulation (see Chapter 9).

Bubbles interact with formed elements of
blood and plasma proteins. Bubbles may:
e Stimulate platelet aggregation?®-5* and
reduce platelet count®>56
Denature lipoproteins>’
Activate and aggregate leukocytes50:58-60
Increase release of cytokines6!
Activate the complement,52-66 kinin,67 and
coagulation systems?068.69
e Cause both capillary leakiness and hemo-

concentration by means of these pro-

inflammatory events?0-7

Individual differences in susceptibility to
DCS might be affected by variability in the
activation threshold or vigor of the humoral
response to bubbles.t16376 This response
might also explain the failure of recompres-
sion treatment in some cases™ because,
once activated, the humoral response is
unlikely to be immediately terminated by the
resolution of bubbles. Not surprisingly, the
response to intravascular bubbles remains a
focus for the development of potential thera-
peutic interventions (see Chapter 10).77-80
However, although these bubble-blood inter-
actions are often demonstrated in vitro and
in severe in vivo models of DCS, the rele-
vance of such interactions to milder human
cases is less certain. For example, it has been
shown that the activation of coagulation,8!
complement,”828 and neutrophils®* is not
significant after bubble-forming decompres-
sion with or without mild DCS in humans.
Similarly, although significant falls in platelet
count have been detected following human
dives, these are not reliably associated with
symptoms of DCS.5> Indeed, the presence of

venous bubbles without clinical manifesta-
tions has long been recognized and is
known as “silent” bubbling.

In the absence of right-to-left shunting, the
important target organs for damage by
venous bubbles are the lungs and the spinal
cord (both targets are discussed later).
Despite the trapping of numerous bubbles in
the hepatic sinusoids after decompression in
vivo®*® and the observation of portal vein
bubbles after human decompression,® DCS
affecting the liver is not considered an
important clinical entity. Portal venous
bubbles may nevertheless cause subclinical
liver tissue damage. Elevation of liver
enzymes has been reported after severe DCS
in vivo®$” and in human divers with and
without clinical DCS.%88 [t has been sug-
gested that portal venous bubble impaction
might impair metabolism of drugs used to
treat DCS.3?

Pulmonary DCS

The first microvessels encountered by
venous bubbles are the pulmonary capillar-
ies, and it has been demonstrated in vivo
that bubbles generated by decompression or
directly infused to the venous circulation
become trapped there.?-97 The time course
for subsequent bubble resolution by diffu-
sion into the alveoli is inversely proportional
to the volume of embolic gas? but in the
case of air can be accelerated by oxygen
breathing.?>% In vivo, it is possible to
establish a steady state in which the rate of
venous gas infusion is equaled by its clear-
ance by the lungs.”?

The obstruction of pulmonary vessels by
bubbles may be accompanied by damage
to endothelium,*80.99 accumulation of leu-
kocytes,?100 release of thromboxanes and
leukotrienes,!®! damage to the blood-lung
barrier,'92 and release of vasoactive sub-
stances.!03104 Not surprisingly, the pulmo-
nary artery pressure is elevated,%105-107 3
state that may be accompanied by a de-
crease in cardiac output.?#108109 There may
be hypoxemial!l? due to either a ventilation-
perfusion mismatch!'%-112 or pulmonary
edema generated by elevated transcap-
illary pressure and leakage of plasma
through damaged or inflamed endothe-
lium.95109.113-117 {Jltimately, there may be car-
diac decompensation, respiratory arrest,
and death.107.118
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The extreme decompression stress, or
direct venous gas infusions, used to demon-
strate such manifestations in vivo are of
uncertain clinical relevance, not least
because overt pulmonary DCS is very rare.
Pulmonary artery pressure was not elevated
following human hypobaric decompressions
that generated high venous bubble grades.!!?
In addition, whether subclinical pulmonary
injury occurs in typical human diving expo-
sures is controversial. Neubauer and col-
leagues have shown that the concentration
of leukotrienes in pulmonary condensate
does not rise after human wet chamber dives
to 50 m, despite an inevitable degree of
venous bubble formation from such dives.!2
On the other hand, pulmonary CO transfer
has been found to decline significantly in
divers with no symptoms of DCS.121-123

Right-to-Left Shunting
of Venous Bubbles

The lungs can trap and excrete venous
bubbles. Without this capability, com-
pressed gas diving would be associated
with a much higher arterial bubble load.
However, the pulmonary bubble filter may
be overwhelmed by excessive venous
bubbling,?1.9394124125 although there appears
to be both intra- and inter-species variability
in the threshold.!'?> Factors other than the
degree of bubbling have also been identified
as promoting, or being associated with,
bubble redistribution through the pulmo-
nary capillary bed. These factors include:
¢ Elevation of pulmonary artery pressure!?
e Decrease in mean systemic arterial
pressurel?
e Recompression!26
e Administration of aminophylline?
e Pulmonary oxygen toxicity!2”

Venous bubbles may also cross an inter-
atrial shunt such as a patent foramen ovale
(PFO).128 In asymptomatic persons, flow
across a PFO, if any, is usually from left to
right (see Chapter 25). Such a shunt has to
be reversed for venous bubbles to enter the
arterial circulation. Butler and coworkers!?
showed that mild decompression may not
generate sufficient pulmonary arterial hyper-
tension to cause flow reversal, and Glen and
associates, using Doppler, could detect no
middle cerebral artery bubbles after rela-
tively conservative dives by four divers with
a PFO.3> However, flow reversal may be

achieved following diving: Vik and colleagues
found arterial bubbles in all six of a group
of pigs with a PFO that were subjected to
severe decompression stress.!?® In addition,
in contrast with the findings of Glen and
coworkers, a small study by Gerriets and
associates suggested that arterial emboli
were more likely to be detected after decom-
pression in divers with a PFO.30 Factors
thought to increase shunting across a PFO
include lifting, straining, and coughing, but
not immersion in water or exercise without
lifting. 131

There is evidence that such shunting
may be important in human DCS. Using
transthoracic echocardiography, Moon and
colleagues demonstrated a PFO in 11 of
30 patients (37%) who had suffered DCS
and in 11 of 18 patients (61%) who had suf-
fered severe neurologic manifestations.!3?
Wilmshurst and coworkers reported a
similar series that included a control group
of divers with no history of DCS. Fifteen of
63 controls (24%) had a PFO, compared with
41% of 61 patients who had suffered DCS and
66% of 19 patients who had suffered early-
onset neurologic manifestations.’3? In a
more recent study, Wilmshurst and Bryson
found medium to large shunts in 52.0% of
100 divers with neurologic DCS, compared
with 12.2% of 123 diver controls without
DCS.134 [n a subgroup of 38 divers with spinal
DCS, 26 (68.4%) were found to have medium
to large PFO shunts. The same authors also
found a strong association between cuta-
neous DCS and PFO.!% They showed that
47 of 61 divers with cutaneous DCS had a
PFO, compared with 34 of 123 divers who had
never suffered DCS. Thirty (49.2%) of the
61 cutaneous patients with DCS had large
spontaneously shunting PFOs, compared
with 6 (4.9%) of the 123 controls. Using mag-
netic resonance imaging, Knauth and associ-
ates detected multiple asymptomatic brain
lesions only in those divers with a large
PFO.136 Unfortunately, the lack of a nondiving
control group in this study seriously limits
its impact.'®” Finally, anecdotal data suggest
that the relationship between serious DCS
and a large PFO also holds true for hypo-
baric DCS. Kerut and colleagues!®® report
that three of four cases of serious DCS arising
from extravehicular activity simulations
were found to have a spontaneously shunting
PFO.

Notwithstanding these reports, caution
should be exercised in interpreting the



168 Chapter 8 Pathophysiology of Decompression Sickness

relevance of a PFO in DCS. It is pertinent that
20% to 34% of “normal” humans have a
PFO,' and three studies of divers who had
never suffered DCS found a PFO in 27% to
31% of subjects.13>140.141 Kerut and cowork-
ers'#? used transesophageal echocardiogra-
phy to survey three diver groups (similar in
composition to those defined by Wilmshurst
and associates!??) and found no difference in
the prevalence of PFO between any two
groups. Even in the studies reported by
Moon and Wilmshurst, divers with a PFO
were not over-represented among victims of
mild DCS.132133 This may be explained by the
failure of small numbers of shunted bubbles
to produce symptoms or by the failure of
venous bubbles to cross a PFO in the first
place,!29143 especially if bubble numbers are
low and the PFO is small. At the least, it
seems clear that large numbers of unevent-
ful dives are performed by divers with a
PFO.

The evidence that PFO plays a role in the
pathogenesis of DCS is mounting, but the
implications for diving medical practice
remain controversial. It seems inescapable
that a large PFO increases the relative risk of
serious neurologic DCS. However, such
events are infrequent when considered
against the large number of dives performed
by the general diving population; also, the
increment in absolute risk implied by a PFO
may be small.!*4-1%6 Using an estimated inci-
dence of neurologic DCS of 2.28 per 10,000
recreational dives, Bove calculated an odds
ratio of 2.5 for a diver with a PFO.!% The
prevalent attitude among diving physicians
is that this risk does not justify bubble-
contrast echocardiography screening of all
divers.13"1%5 However, investigation for PFO
following “undeserved” DCS is widely advo-
cated.!4"148 [n this context, it seems prudent
to delay exposure to bubble-contrast agents
for a month after suspected vascular gas
injury in order to allow inflammatory pro-
cesses to settle, even though such agents do
not appear to damage normal cerebral
microvasculature.'* Moon and Kisslo sug-
gested that a diving candidate with a known
PFO be counseled against diving, especially
if the candidate is risk-averse!3” or if the
lesion was identified after a previous epi-
sode of DCS.150.151 However, this recommen-
dation is not justified by the current
incidence of DCS and the known prevalence
of PFO.

Inert Gas Bubbles in Tissue

Although pulmonary DCS can be explained
entirely by the formation of inert gas bubbles
in venous blood, DCS in the other organ
systems may be partly, or entirely, due to
bubble formation within the tissues them-
selves. Bubbles in tissue are more difficult to
detect than intravascular bubbles, and it
therefore has proven difficult to implicate
“autochthonous bubbles” as a cause of DCS.
Nevertheless, events such as altitude-
induced'®? or nitrous oxide-induced exacer-
bation of previously resolved symptoms
have been observed in a fixed anatomic loca-
tion'® and suggest an autochthonous bubble
cause, although such a conclusion has been
challenged.’™ Tissues that are relatively
poorly perfused and therefore wash out dis-
solved gas more slowly during decompres-
sion are considered most vulnerable to
autochthonous bubble formation. Examples
include spinal cord white matter, periarticu-
lar tissues, adipose tissue, and the inner ear.

Neurologic Decompression
Sickness

SPINAL CORD

ARTERIAL BUBBLE EMBOLISM HYPOTHESIS

Ever since Hill and Macleod observed the
circulation in the vessels of a bat’s wing and
frog’s web during and after decompres-
sion,!® it has been recognized that bubbles
of gas can be detected in the arterial circula-
tion. After an extensive series of experiments
using a goat model of DCS, Boycott and
colleagues’® concluded that such bubbles
would grow if lipid-rich tissues were em-
bolized and that this was probably the
pathogenesis of spinal cord lesions. In more
recent times, Neuman and Bove!®” have
supported this hypothesis for some pre-
sentations of DCS. Dunford and cowork-
ers3236.158 and Wilmshurst and Bryson!34 have
provided further evidence for the presence
of arterialized venous bubbles after decom-
pression.

The pathologic findings in the spinal cord
of punctate white matter hemorrhages and
necrosis with pial sparing have been des-
cribed as being compatible with ischemic
necrosis,’® and this has been used to
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support arterial bubbles as pathogenic medi-
atOYS.lGO’IGI

On the other hand, many of the animal
studies cited have been performed on small
rodent species that were subjected to near-
explosive decompression insults in order to
generate an injury. As described earlier, the
weight of evidence from nonexplosive
decompressions is that bubbles first appear
on the venous side of the circulation and that
arterial bubbles are rare and only associated
with severe disease or right-to-left shunts.

In the absence of pulmonary barotrauma,
a PFO, or other right-to-left shunt, the only
other way for bubbles to appear in arterial
blood is if venous bubbles traverse the pul-
monary filter. As we have seen, this may
occur in the presence of substantial intravas-
cular bubbling, but this process is likely to
be time-consuming® and accompanied by
pulmonary symptoms. Thus, this mechanism
is unlikely to be relevant when the onset of
DCS occurs either during, or shortly after,
decompression.

Even if it is accepted that bubbles formed
from dissolved inert gas may appear in the
arteries by de novo formation or right-to-left
shunting, a further problem with the arterial
bubble embolus theory relates to distribu-
tion of these bubbles. Hallenbeck and
Anderson criticized embolic mechanisms of
spinal cord injury in DCS by citing the
apparently unique distribution of central
nervous system lesions.!%2 In other clinical
embolic conditions such as subacute bacter-
ial endocarditis, fat embolism, and mural
thrombus of the left atrium, the brain is the
principle target organ. The authors quoted
Blackwood’s observation that arterial
embolism of the cord is extremely rare. Of
the 3737 autopsies Blackwood reviewed on
patients that died with neurologic diseases,
he found not a single case of spinal cord
embolism.!®3 If emboli are responsible for the
pathologic findings in DCS, it is the brain,
rather than the spinal cord, that should be
preferentially embolized because it consti-
tutes some 98% of the mass of the human
central nervous system and receives 75 to
85 times the blood flow of the spinal cord.
Moreover, as is discussed in Chapter 9,
bubbles of gas may be released into pul-
monary capillaries as a result of barotrauma.
It is surely pertinent that this almost invari-
ably causes cerebral rather than spinal
symptoms. Similar observations have been

made regarding the distribution of central
nervous system injury in patients undergo-
ing cardiac surgery, who are commonly
exposed to substantial numbers of arterial
gas emboli arising from air left behind in the
heart chambers or other sources.!64165
Exposure to such emboli has been corre-
lated with frequent perioperative cerebral
injury,166-170 yet such patients almost never
suffer spinal injury (unless there is concomi-
tant aortic surgery). Thus, although the
brain is clearly a target for arterialized
bubbles, their importance in spinal disease
is much less clear.

There is also a question as to whether an
embolic-ischemic mechanism is compatible
with the pathologic appearance of spinal
cord DCS. There is evidence that the gray
matter, rather than the white matter, is
preferentially injured by both ischemial”
and gas emboli.!”2 In a canine model of DCS in
which the onset of dysfunction was delayed
(30 min), spinal cords showed no histologic
evidence of the white matter hemorrhages
consistently found in the short-latency
disease.!”™ This indicates that the mecha-
nism in nonfulminant DCS may be different
from that of short-latency disease and possi-
bly compatible with the subtle acute histo-
logic changes that occur with ischemia
following bubble embolism.

Marzella and Yin have questioned
whether ischemia plays a significant role in
the pathogenesis of spinal cord DCS.1" They
used microspheres to show that lumbar
spinal blood flow in a small rodent model
increased during the onset of disease.
Although it is unclear whether the lumbar
cord was injured in these animals and the
microsphere technique has insufficient reso-
lution to detect the focal ischemia that is
likely to occur in DCS, these findings chal-
lenge global ischemia as a mechanism for
the disease.

OTHER EMBOLIC THEORIES

End!7>176 proposed that an initiating event in
DCS is the agglutination of formed blood
elements by some undisclosed mechanism
during decompression. He proposed that
these aggregates then act as emboli.
Certainly, rheologic changes occur in DCS. As
we have seen, increased hematocrit and a
loss of plasma volume are common in both
animals and humans. This tends to increase
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blood viscosity and reduce tissue perfusion.
The aggregation of blood components such
as platelets*-54 and leukocytes,?05%60 the for-
mation of rouleaux,” and the finding of
endothelial cells,>*177 fat, and bone marrow
emboli!”-182  have all been described.
However, these phenomena may be
explained as being secondary to the nucle-
ation of bubbles in blood or bone marrow
and need not be primary events in DCS.
Furthermore, as Walder observed, the sludg-
ing of blood occurs in other conditions
without resulting in the manifestations of
DCS.183 An example is disseminated intravas-
cular coagulation (DIC), in which many of
these hematologic events occur on a consid-
erable scale. However, the more common
consequences of DIC (hemorrhagic necrosis
of the gastrointestinal mucosa, congestion of
the abdominal viscera and microscopic
occlusion of capillaries by thrombi with sur-
rounding secondary, focal necrosis) are not
typical of DCS. Furthermore, spinal cord
involvement in DIC is most unusual.

A consequence of the development of the
cardiopulmonary bypass technique for open-
heart surgery was to impose massive rheo-
logic changes on the patient. These include
the denaturation of plasma proteins, the
clumping of formed blood elements, and the
generation of fat emboli.'®* Bubble oxygena-
tors in the cardiopulmonary bypass circuit
cause arterial gas embolism,!85186 and
although the technology has improved,
patients continue to be exposed to bubbles
from other sources.!®4+165 In some respects,
therefore, this insult produces functional dis-
turbances similar to those occurring in
experimental models of DCS. As we have
seen, the brain (rather than the spinal cord)
is the target of these disturbances. Thus,
even if rheologic changes were an initiating
event in DCS, it is unlikely that they could
account for spinal cord injury.

Finally, an observation that is difficult to
explain using a theory based on the
impaction of solid emboli as the principal
pathologic event is the dramatic improve-
ment in DCS that often occurs with recom-
pression. If embolic phenomena are
responsible for the condition, this observa-
tion would be more readily explained by
compressible, gaseous emboli.

VENOUS INFARCTION HYPOTHESIS
Haymaker and Johnston!®? raised the theo-
retical possibility that under conditions of

extreme DCS, bubbles in the epidural verte-
bral venous plexus (EVVP), combined with
back pressure from bubble-laden lungs
transmitted through venous anastomoses
between the spino-vertebral-azygous and
pulmonary vasculature, may cause venous
engorgement of the spinal cord. Haymaker
developed the hypothesis after noting
Batson’s observation that the EVVP is a
large, valveless, low-pressure system that
would make it a favorable site for the forma-
tion of bubbles.188-190

Hallenbeck and associates went further.!9!
They reasoned that gas bubbles are not inert
in the blood stream, but—as a result of a
40 to 100 A layer of electrokinetic forces at
the blood-gas interface—they cause struc-
tural alterations in plasma proteins. This
may result in the activation of the coagula-
tion, complement, and fibrinolytic cascades;
the release of kinins; and complex alterations
to hemodynamics. The authors demon-
strated that one of these systems, the coagu-
lation cascade, was accelerated by the
presence of bubbles.?® By direct visualization
of the venous drainage of the spinal cord in
an animal model of DCS, they demonstrated
many elements of the hypothesis that
bubbles accumulate in the venous drainage
of the cord; the presence of these bubbles,
combined with the activation of clotting,
resulted in slowing and eventual cessation of
venous outflow. This, the authors observed,
causes congestion and ultimately venous
infarction of the spinal cord.™192-19 [n
support of this view, they considered that
the scattered, punctate, mainly white matter
hemorrhages of DCS were compatible with
the venous infarction of the spinal cord
described by Henson and Parsons.!9

This theory also has its shortcomings.
First, there is some doubt that the character-
istic lesions of spinal cord DCS are compati-
ble with a venous infarction mechanism.!*” In
rats, for example, obliteration of the EVVP is
associated with vasogenic edema of white
matter but not frank infarction,!?® although
Martinez-Arizala and colleagues described
hemorrhagic tissue necrosis as occurring at
24 hours and involving the gray matter more
than the white.!®? Again, in monkeys, it is
principally the gray matter that is
involved.2 In humans, hemorrhage in the
spinal cord that is associated with venous
obstruction tends to be massive and cen-
trally located and involves both gray and
white matter.2! Venous infarction of the
spinal cord is a very rare condition,2?
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perhaps because the EVVP, being an exten-
sive plexus, is difficult to obstruct. If this
plexus were to be completely blocked at any
given level, it is probable that the resulting
venous congestion and infarction would be
more extensive than what occurs in DCS.
Even obstruction at the level of the radicular
veins might be expected to result in one or
more lesions with a segmental distribution.
As we have seen, such a distribution is not
typical of the lesions of DCS.

Another problem with the venous infarc-
tion mechanism relates to the frequent
finding of “silent” intravascular bubbles in
asymptomatic divers3!-3¢ and in cases of pul-
monary DCS, particularly in aviators, that
involve no spinal symptoms.? How is it that
silent bubbling, which presumably provokes
rheologic changes similar to those of symp-
tomatic bubbling, fails to compromise spinal
cord drainage? Although it may be argued
that such bubbling fails to exceed some arbi-
trary threshold, it is difficult to understand
why aviators with sufficient venous bubbling
to cause “chokes” invariably do not also
suffer spinal cord injury.

AcTIVATION OF COMPLEMENT

As we have discussed, studies in both
rabbits and humans have shown that the
activation of the complement system may
be an important event in the generation of
the symptoms of DCS. However, in recent
studies, complement activation was not
significant in humans despite venous
bubble detection®?8 or symptoms of DCS.™
Furthermore, treatment of rats with a
soluble complement receptor (sCR-1),
which has been shown to be beneficial in
complement-dependent disease, failed to
prevent DCS.7 Similarly, pre-decompression
administration of the anti-C5a antibody
failed to protect the pulmonary artery
endothelium® or the blood-brain or blood-
lung barriers in a rabbit model of DCS.204
Finally, the comparison with cardiopul-
monary bypass is again pertinent because
cardiopulmonary bypass has been shown to
activate complement in a manner similar to
that of decompression, yet without generat-
ing a syndrome similar to DCS.

It has been claimed that variation in sus-
ceptibility to DCS in both rabbits and
humans correlates with the sensitivity of the
complement system to activation by
bubbles.t37 However, other workers have
questioned the validity of these conclusions

on the grounds that the extent of comple-
ment activation varies greatly over time and
thus predicting susceptibility to DCS on the
basis of a single measurement cannot be
justified.?%> Furthermore, a recent human
study involving repetitive dives showed no
association between the activation of com-
plement in vitro and clinical disease.”™ Thus,
although complement may be activated in
DCS, its role in the development of the mani-
festations of the condition remains far from
clear. With respect to the spinal cord, it has
never been shown how the activation of com-
plement could result in the characteristic
lesions of DCS.

AUTOCHTHONOUS BUBBLE HYPOTHESIS

Another possible mechanism whereby the
spinal cord may be injured in DCS is through
the liberation of a gas phase in situ. This
theory is attractive because the spinal white
matter in which most of the characteristic
punctate hemorrhages, spongiosis, axonal
swelling, and myelin degeneration appear?
contains lipid-rich myelin with a high solu-
bility for inert gas and has relatively low
blood flow. Sharp and Broome? point out
that these tissue characteristics could be
expected to favor bubble formation during
decompression, although their work using a
porcine model of DCS failed to show a corre-
lation between regional spinal cord lipid
content and white matter hemorrhages.

The first serious proposal of an autoch-
thonous bubble mechanism was by
Keyser,2® who noted Vernon’s observation
that fat can absorb five times more nitrogen
than water.2®® He went on to propose that
bubbles of nitrogen may form in many fatty
tissues following decompression and,
although such bubbles occurring in adipose
tissue or omentum may be asymptomatic,
those forming in spinal cord white matter are
likely to cause a neurologic deficit.

More recently, Hills and James, following a
study of the mechanical properties of the
spinal cord, proposed that spinal cord
ischemia could result if, during decompres-
sion, enough gas bubbles nucleate to
increase spinal cord volume by 14% to 31%.
They argued that such a volume increase
would raise the tissue tension sufficiently to
collapse the arterioles and cut off the blood
supply.210

The major problem with the autochtho-
nous bubble theory has been that until the
late 1980s, except for the observations of
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Boycott and coworkers!® in the goat and
vague references to “air lacerations” or “stip-
pling” of the white matter in early descrip-
tions of human DCS,211:212 extravascular
bubbles in the spinal cord had rarely been
described. In animals, the evidence was
limited to the finding of bubbles scattered
throughout the spinal cord white matter of
6 of 16 dogs with fatal DCS2!3 and in the cords
of decompressed fingerling salmon.?!* In
humans, nonstaining round spaces were
described in the cerebral and spinal cord
white matter of a diver who died shortly
after taking only 20 minutes to surface from a
4-hour dive to a depth of 40 m.2!5 Numerous
similar lesions were described in the cere-
bral white matter of two scuba divers who
had apparently died prior to being brought
to the surface from 140 ft.216 Sadly, the spinal
cords were not examined.

A possible reason why autochthonous
bubbles have so rarely been demonstrated is
that their presence in the cord may be tran-

sitory. Sykes and Yaffe examined the spinal
cords of dogs that had been perfusion-fixed
following recompression treatment for DCS
(3 or more hours after the diagnosis).2!”
Although they described abnormalities of
myelin that may have been a consequence of
local bubble formation, no overt bubbles
could be demonstrated by light or electron
microscopy.

In the mid-1980s, Francis and associates
adapted a well-established canine model of
severe DCS that had been employed for the
assessment of therapeutic interventions in
acute DCS.?18 Fixation of the tissue within
about 20 minutes of the diagnosis of the con-
dition allowed the demonstration of very
early changes. The authors found that by
embedding the tissue in epoxy resin, non-
staining space-occupying lesions (NSSOLs)
(Fig. 8-1) could be found in the spinal cord
white matter of animals with DCS. NSSOLs
were not found in undived control specimens
or dived specimens in which no loss of

Figure 8-1. Canine spinal cord white matter stained with multiple stain solutions (bar = 50 um). 4, Control.

B, Spinal cord rapidly fixed after the onset of decompression sickness. Large nonstaining spaces contain disrupted
myelin figures and some compression of normal surrounding tissue. (Methodology described in Francis TJR,
Pezeshkpour AH, Dutka AJ, et al: Is there a role for the autochthonous bubble in the pathogenesis of spinal cord
decompression sickness? J Neuropathol Exp Neurol 47:475-487, 1988.)
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function occurred. When paraffin wax was
used as the embedding material, occasional
artifactual NSSOLs were found to be caused
by the section tearing as it was cut. The size
of the decompression-induced NSSOLs
ranged from 20 to 200 um in diameter. That
these lesions were likely to have contained
gas in vivo was inferred from the observation
that the surrounding tissue appeared to be
compressed, as would occur with an expand-
ing bubble of gas. Burns and colleagues re-
ported similar findings from another canine
model of DCS, which employed a less stress-
ful dive profile.2® However, these authors
demonstrated most elegantly that these
lesions were gas-filled by immersion-fixing the
tissue in formalin at different pressures. They
showed that the size distribution of NSSOLs
varied in accordance with Boyle’s law.

The question arises as to how these
lesions might provoke tissue dysfunction.
Using computerized morphometry, Francis
and associates calculated that although the
proportion of spinal cord white matter occu-
pied by bubbles was small (always < 0.5%),%20
autochthonous bubbles would account for
the loss of cord function if 30% to 100% of the
bubble-displaced fibers were rendered non-
conducting. The possible means whereby
conduction might be nullified are:

e Destruction of axons at the site of bubble
formation. It was estimated that this effect
would account for only 1% of the func-
tional deficit.

e Stretching and compression of axons around
the growing bubble. This neurapraxia is an
attractive mechanism because the onset is
rapid (unlike ischemia in the cord) and
reversible.?21-22¢ Such neurapraxia could
thereby help account for the most fulmi-
nant presentations of the condition, the
improvement commonly seen if recom-
pression is undertaken early, and the
common and more gradual spontaneous
recovery.

e A biochemical insult akin to the complex
interaction between blood and bubbles. If
this effect were limited to those axons
adjacent to the bubble surface, it would
account for at most 50% of the loss of func-
tion. Thus, if there is such an effect, it is
likely to be contributory to, rather than
the sole cause of, the loss of function.
Broome described another mechanism by

which the cord may be injured by

autochthonous bubbles.2%5 While studying a

porcine model of DCS, he correlated func-

tional outcome with the extent of hemor-
rhage into the tissue.??6 It is likely that
expanding bubbles in spinal white matter
disrupt not only axons but also the delicate
microcirculation. Lacking connective tissue
support, these vessels might be uniquely vul-
nerable to such an insult. The resulting hem-
orrhage might be expected to be punctate in
distribution. Broome proposed that hemor-
rhage precipitated by bubbles explained why
spinal DCS is frequently refractory to recom-
pression treatment.??” Moreover, he showed
that at least some of this hemorrhagic
damage appeared to be precipitated by com-
pression of the bubble during early recom-
pression treatment.?2

There are limitations to the circumstances
in which autochthonous bubbles may form.
First, a degree of supersaturation is neces-
sary to provide the number of molecules
required for bubbles to form and grow. In a
study of the spinal cords of 18 animals that
were saturated for 4 hours at a fixed pressure
and subjected to induced cardiac arrest
prior to decompression, few bubbles formed
at a saturation pressure of less than 3.6 ata
(equivalent to diving to a depth of
26 msw).1722 This would indicate that
bounce dives to depths much less than this
are unlikely to provoke autochthonous
bubble formation. Second, the intact cord
will off-gas increasingly with time following a
dive. Unless bubbles form early, the proba-
bility of their formation decreases with time.
In the series of canine experiments under-
taken by Francis and colleagues, the onset of
spinal cord dysfunction occurred more than
30 minutes after surfacing in only two
animals; in these specimens, examination of
the cord showed no evidence of autochtho-
nous bubbles. The appearance of these two
cords closely resembled that of bubble
embolism.!?

Since the description of autochthonous
bubbles in the spinal cords of dogs with DCS,
other investigators have found such
bubbles,?29230 although in the second of these
studies the number found was thought too
small to account for the observed loss of
function. Despite convincing evidence of
extravascular bubbles, their exact location in
the spinal cord continues to be debated. In
the most recent histologic study, Palmer chal-
lenged the view that autochthonous bubbles
arise within the tissues themselves, propos-
ing instead that the appearance of spinal
NSSOLs arising after provocative decompres-
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sion in goats is most compatible with blood
vessels overdistended by bubbles.?!

It is unlikely that a single mechanism can
account for spinal cord DCS across its range
of latency. It seems likely that cases with a
very rapid onset that follow a dive to more
than 25 m of seawater are most likely to be
associated with autochthonous bubble for-
mation in spinal white matter. In cases that
occur with longer latency or from shallower
dives, an embolic or possibly a venous
infarction mechanism is more likely to be
responsible for the loss of function.

Decompression Sickness
in the Brain

Autochthonous bubble formation has been
observed in the brain following decompres-
sion in vivo.206.232233 However, in typical
human pressure exposures, the relatively
luxurious cerebral perfusion is widely con-
sidered to limit inert gas supersaturation,
thereby preventing clinically significant
autochthonous bubbling.??¢ This con-
tention is supported by the finding of
autochthonous bubbles in both the brains
and the spinal cords of dogs in which the
circulation was stopped prior to decom-
pression,?? but mainly in the spinal white
matter of dogs or pigs in which the circula-
tion was stopped after decompression.206.:235
Using a cranial window, Pearson and
coworkers observed that the initial event
causing cerebral dysfunction after provoca-
tive decompression in dogs was the arrival
of arterial bubbles.?6 The authors noted
that these bubbles grew at an accelerated
rate after impacting in the cerebral circula-
tion, presumably because dissolved inert
gas diffused from tissues into the bubbles.
This same group described post-decom-
pression histopathologic changes that were
most compatible with an arterial embolic
injury.2’ Similarly, a more recent study by
Nohara and Yusa, using rats subjected to
extreme decompression, showed cerebral
changes that, on balance, appeared to favor
a vascular mechanism of injury.2*” However,
the source of decompression-induced arte-
rial bubbles in these studies is not immedi-
ately clear. Other recent studies in
decompressed rats showed increased cere-
bral leukocyte sequestration, but this
might be provoked by either vascular or
autochthonous bubbles.238239

Thus, although there are reports of cases
in which cerebral symptoms are not clearly
referable to embolic events,?% the prevalent
theories of dysbaric brain injury focus on
embolism by intravascular bubbles.24!

Musculoskeletal Decompression
Sickness

Because some divers have consistent pain
localized to a specific joint and others com-
plain of a migratory polyarthralgia and
polymyalgia,?*? joint pain in DCS probably
cannot be explained by one mechanism.
Most hypotheses focus on an autochtho-
nous bubble mechanism, but the actual site
is controversial. One or more of the follow-
ing hypotheses may be valid in certain
circumstances.

GAS IN THE JOINT

Although the most obvious hypothesis, the
presence of a gas phase within the joint
space is an unlikely mechanism for DCS
because even large bubbles inside joints
do not produce symptoms. Vann and
Thalmann® summarized the historical data
demonstrating that free gas in the knee joints
after hypobaric decompression was not reli-
ably associated with pain, whereas gas in the
peri-articular tissues (discussed later) was
frequently painful. Articular cartilage is
also unlikely to be involved in anything
other than decompression from saturation
because it is avascular and hence will take
up inert gas only extremely slowly. Further-
more, articular cartilage is also an aqueous
tissue and, consequently, would be expected
to absorb only a modest gas burden com-
pared with more fatty tissues around the
joint.

GAS IN THE MARROW CAVITY

Bubbles forming de novo in bone marrow are
associated with a rise in marrow cavity pres-
sure that correlates with limb pain in sheep
and may be a precursor to dysbaric
osteonecrosis.?? It is unclear where, or how,
bubbles form in the marrow cavity. One
obvious possibility is that, as in the spinal
cord, gas is absorbed into the fatty marrow
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and this generates autochthonous bubbles
on decompression. The resulting pain may
result from irritation of local nerve endings
or may be an ischemic-type pain resulting
from a marrow compartment syndrome
caused by the expansion of bubbles inside a
rigid cylinder.?#® Increased intramedullary
pressure is known to cause pain in other
illnesses.?* Alternatively, bubbles may cause
distension of bone marrow sinusoids;
because these are innervated with pain
fibers, such distention may be the origin of
limb pain.2 In support of this hypothesis,
such pain is dull and poorly located, as is
common in DCS. An alternative possibility is
that embolic bubbles are delivered to the
marrow and subsequently grow in situ.

GAS IN PERIARTICULAR SOFT TISSUE

Bubbles that form in poorly compliant
tissues, such as tendons, could compress or
distort sensory cells.?*¢ Tendons may be a
favorable site for bubble formation because,
although they are largely an aqueous tissue
and consequently might be expected to
have a relatively low gas content, the blood
flow through tendon vessel beds is discon-
tinuous.?*” Indeed, bubbles have been seen
growing and others simultaneously disap-
pearing in different regions of the same
tendon.2*” However, it is strange that only
tendons should be involved; if this mech-
anism operated with any frequency and
affected ligaments equally, pain should have
been reported in other locations.?*> An alter-
native pain-sensitive periarticular site in
which autochthonous bubbles may form is
the joint capsule itself.24824 [solated reports
of rhabdomyolysis in divers with DCS?? raise
the possibility that bubble formation in
muscle itself might provoke pain via associ-
ated sensory fibers.

REFERRED PAIN

Another possibility is that the pain is
referred from bubble-induced injury in the
central or peripheral nervous systems.25!
This would explain the frequent concurrence
of joint pain and neurologic deficits in the
same limb. Back and girdle pain are consid-
ered to be referable to involvement of the
spinal cord. On the other hand, Palmer and

associates question the role of neurogenic
pain on the basis that no brain or spinal
lesions were found in goats affected only by
limb pain.2>?

Finally, a generalized release of pain-
mediating chemicals such as the kinins can
occur in DCS as part of a nonspecific inflam-
matory response to bubbles.6? This proposal
is well suited to those divers with general
malaise, polyarthralgia, and polymyalgia.24

Constitutional Decompression
Sickness

The precise cause of the constellation of
symptoms making up “constitutional DCS” is
unknown, but this condition is unlikely to be
explained by bubble formation in any dis-
crete location. Indeed, the most plaus-
ible explanation for systemic constitutional
symptoms arises from the known pro-
inflammatory effects of bubbles in whatever
location they form. As discussed earlier, acti-
vation of the complement or kinin systems
secondary to tissue injury, or by direct
bubble stimulation of inflammatory cells
such as neutrophils with consequent elabo-
ration of cytokines, could result in constitu-
tional symptoms.

Cutaneous Decompression
Sickness

Buttolph and colleagues recently published
an analysis of the histologic appearance of
the cutis marmorata form of cutaneous DCS
using a swine model.?>® They described con-
gestion, vasculitis, edema, perivascular neu-
trophil infiltrates, and occasional frank
hemorrhage at the site of the skin discol-
oration. These findings were progressively
less frequent at the margin of the lesion, in
grossly unaffected skin from the same
biopsy, and in skin biopsied from sites
distant to any lesion. Only congestion
occurred with any frequency in all samples,
and this probably represents an artifact
resulting from the biopsy procedure. Ultra-
structural changes seen on electron micro-
scopy included neutrophil rolling, adhesion,
and transmigration; extravasation of ery-
throcytes; and reactive changes in endo-
thelial cells. Monocytes and platelets were
also involved occasionally. Of interest, the
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ultrastructural changes were detected pre-
dominantly in capillaries and venules.

Although the clinical and histologic
appearance of cutis marmorata is well
described, there is a dearth of literature on
the mechanisms involved. Ferris and Engel®*
hypothesized that cutis marmorata is caused
by the release of extravascular gas bubbles
and that these cause vascular spasm that
results in the stasis that can be observed
clinically. However, these authors provided
no histologic or other evidence to support
their theory. Another possible cause of
cutaneous vascular injury is arterial gas
embolism of the microcirculation. This hypoth-
esis has been recently supported by the
strong association between large right-to-left
shunts and cutaneous DCS reported by
Wilmshurst and coworkers.!3 The descrip-
tion provided by Buttolph and associates is
inconclusive with respect to mechanism.2%
The ultrastructural vascular changes they
reported in the capillaries and venules were
consistent with bubble injury by arterial gas
embolism or the drainage of bubbles formed
locally. It is likely that more than one mecha-
nism is involved, and the possible role of
vasoactive mediators and complement
cannot be ignored.

A number of early investigators noticed
that pruritus with rash is more common
when there is little sweating?526 and that
chilling the skin during decompression
increases the frequency of this condition.257
One interpretation of these observations is
that the transcutaneous migration of gas
may contribute to the pathogenesis of the
pruritus and that the vasoconstriction
caused by cooling may reduce the rate at
which gas is cleared from the skin. This con-
dition is associated particularly with dry
chamber dives and is not usually a harbinger
of more serious disease.

Audiovestibular Decompression
Sickness

The vestibulocochlear end organ can be
damaged by either barotrauma or inert gas
bubble formation in DCS. Both processes are
detailed in Chapter 22. Vestibular and
cochlear DCS have been demonstrated in
vivo,258 and the involvement of either or both
systems in divers®? or aviators2® with DCS
has been reported. The precise mechanism
by which inert gas bubbles injure the inner

ear is uncertain. The mechanism may involve
formation of bubbles in the perilymph,
endolymph, or associated blood vessels.261.262
In addition, Fraser and colleagues reported
the intriguing in vivo observation of frac-
tures in the semicircular canal walls follow-
ing severe decompression stress in animals,
suggesting that bubbles forming in restricted
spaces may generate immense distractive
forces.?63 The clinical significance of this
phenomenon has never been established.

It is notable that “pure” inner ear DCS is
uncommon following air diving within
the recreational diving range but became
well recognized with the rise of deep diving
using oxygen-helium mixtures.?? This has
been attributed to expansion of silent
vestibulocochlear helium bubbles by inward
diffusion of nitrogen following gas switching
from oxygen-helium mixes to air during
decompression.2

Lymphatic Decompression
Sickness

Rarely, DCS may manifest as localized soft
tissue swelling.?6* Other than the assumption
that this swelling arises from obstruction of
lymphatic vessels by bubbles, little is known
about the pathophysiology of this form of
DCS.264—267
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