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Foreword

The papers contained in this volume were presented at the Third Sym-
posium on Underwater Physiology. The Symposium was held at the State
Department, Washington, D. C. on March 23, 24, and 25, 1966, under the
sponsorship of the Office of Naval Research and the Committee on Under-
sea Warfare of the National Academy of Sciences—National Research
Council.

Following the pattern set by the two preceding symposia, the aim of this
symposium was to emphasize the great importance of Naval medical re-
search in extending man’s capabilities under the surface of the sea. The
program was chosen to illustrate the status of information available, to
indicate areas of research interest and to pinpoint critical items that re-
quire further study.

The recent manned operations in the open sea, highly important in their
own right, are exploiting the basic physiological findings of the past fifty
years. However, the lack of basic information concerning a means for im-
proving decompression from great depths, the effects of gases at extreme
pressures, and the effects of interactions of multiple environmental condi-
tions differing radically from those on the surface of the earth, will present
serious limitations to the great opportunity for further practical applica-
tion of human capabilities and engineering skills. The Symposium was de-
signed to encourage the reporting of progress in critical areas of underwater
physiology. These proceedings are a documentation of the papers pre-
sented as well as the discussion resulting from these papers. It consists of
detailed and searching studies of man, animals, tissues and cells, with em-
phasis upon research required to enable further extension of the maximum
diving depth and its duration.

The proceedings are composed of the numerous papers presented at the
symposium and the discussions following each session. Authors of these
papers were from several foreign countries as well as the United States.
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viil FOREWORD

The formal presentations were supplemented by a special evening lecture
on “Manned Vehicular and Extra-vehicular Undersea Activities,” pre-
sented by Dr. John Craven, Chief Scientist, Special Projects Office, U. S.
Navy. A visit to the Experimental Diving Unit and a submarine rescue
vessel, affording first-hand information regarding special instrumentation
and techniques now employed in all phases of underwater research activity,
was arranged by Lieutenant R. F. Cunningham, USN.

In addition to Navy and government representatives, the Third Sym-
posium on Underwater Physiology was attended by representatives from
universities, industrial research organizations, and foreign representatives
from Monaco, Japan, England, Switzerland, Sweden, Germany, Canada,
France and Denmark.

The Office of Naval Research and the National Academy of Sciences
wishes to acknowledge the excellent organization of the program topics
and the careful planning of the details that resulted in the successful three
day meeting, and members of the Planning Committee are to be especially
commended for their efforts.

Appreciation is expressed to members of the staff of the Committee on
Undersea Warfare, Mrs. Helen Ray, Miss Sally Baideme and Mrs. Helen
Sanbourn for their time and effort in arranging the details of the meeting,
as well as to the officials of the State Department whose advice and coopera-
tion contributed to the successful conduct of the meeting. The Planning
Committee and the Editor have urged special acknowledgment of the ex-
tensive and dedicated effort by Miss Eleanor Jones of the University of
Pennsylvania Laboratory of Pharmacology throughout the editing of
this published Proceedings.

K. W. Hannah

Executive Secretary

Committee on Undersea Warfare
National Academy of Sciences
National Research Council



Preface

At this moment in the fulminating evolution of environmental physiol-
ogy, the youngest investigator may take for granted that in the past few
months two unmanned spacecraft, one Russian and one American, effected
the first gentle landings on the earth’s moon, presaging the landing of men
on that forbidding surface. Within this same year man has accomplished
two hours of extra-vehicular activity in the vacuum of near space while
orbiting the earth, he has accomplished rendezvous of spacecraft in earth
orbit, and he has spent increasing periods, extending to two weeks of
orbital flight, in the weightless state. Even before this year, noted but less
heralded than such spectacular accomplishments in these earliest days of
manned space flight, man has passed under the northern polar ice-cap, he
has circumnavigated the earth entirely submerged, he has reached the
bottom of our deepest ocean, he has effected rendezvous and landing of a
small submersible on the deck of a cruising underwater submarine, he has
briefly reached a diving depth of 1000 feet in the open sca, and he has lived
for one month exposed to sea pressures up to 50 fathoms.

All these extensions of man into extremes of altitude, of depth, and of
duration have occurred since the first of this series of conferences on under-
water physiology was held in 1955. The first symposium was arranged
following nearly a decade of post-World War II effort and failure to arouse
either physiologist or engincer to a recognition of the great opportunities
that existed even then for extending man’s capabilities under the sea. The
first symposium, like the many ancillary activities by a cadre of dedicated
individuals, was designed to lead and entice investigators and technical
specialists into this unexploited field. Then, as now, it was possible to
promote close attention to important but neglected theoretical or practical
aspects of undersea science by urging particularly qualified individuals to
address their peers on these topics. The results have certainly included
stimulation of much nceded underwater physiological research.
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X PREFACE

Today the question is: Do we have a different situation than existed a
decade ago? Things are indeed different in some ways, but not in all. Time,
international prosperity, great technological advance, and a now general
desire for practical application of diving methods, have led to rapid and
widespread increase of interest in man in the undersea environment. The
use of existing physiological knowledge has led to several interesting deep
or prolonged operations in the open sea. Success in these relatively simple
applications of existing information has generated the two different reac-
tions that have characterized each major stage of expanding manned en-
vironments, from aviation, to undersea activity, to space flight.

One reaction is widespread and ill-advised. It is based on the view that
awareness of the physiological limits of man is not important, since the
real advance will be accomplished through the engineering efforts that will
either keep man physiologically comfortable or, eventually, make his
presence unnecessary.

The second reaction, which I trust concerns us all, is that our present
rapid progress is in fact based upon the detailed basic and applied physio-
logical studies of previous months and years, and that not only further
advance but even consolidation of our limited gains, depends ultimately
upon the energetic, imaginative and skillful performance of the physiological
studies still to be done. Progress will continue to result from the informed
and closely cooperative activities of biomedical and engineering sciences.
Let me make no pretense: I hope and expect that by this and other sym-
posia it will continue to be possible to excite the interest of many of you in
carrying this vital work further.

C. J. Lambertsen
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RECENT NAVAL EXPERIENCES IN
EXTENDING USEFUL DIVING
DEPTH

]_ ROBERT B. BROWN

DIVING RESEARCH AND
INTERNATIONAL NAVAL
MEDICINE*

It gives me great pleasure to represent naval medicine at the beginning of
this Third Symposium on Underwater Physiology. The U. 8. Navy has long
been aware of the military, commercial, and industrial potential of under-
water operations and, within the Navy Medical Department, there has been
a small but significant number of medical officers and allied scientists who
have been intimately concerned with this area of development. These phy-
sicians and scientists have appreciated the nced for investigation into the
physiologic requirements and demands which are placed upon man during
his efforts to exploit the underwater world. They realize that this wet, dense,
positive pressure environment would exert a combination of physiological
and psychological stresses upon man-- stresses not encountered in any other
life situation. Unfortunately, in the face of other high priority items created
by the ever changing national and world situations existing for many years,
the Navy Department has not been able consistently to provide sufficient
support for these rescarch personnel so that they could devote all of their
time and energy to this area of investigation.

As the importance of the underwater world, or “inner space” as it has

* The opinions or assertions expressed herein by all members of the U. 8. Navy

are the private ones of the authors and are not to be construed as official or reflecting
the views of the Navy Department or the naval service at large.
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2 Naval Experiences in Extending Diving Depth

heen popularly called, has become more generally known, and as national
and world situations relaxed somewhat, support for research in all associ-
ated scientific disciplines began to blossom. Within the medical family of
disciplines, possibly the greatest impetus to this fervor to exploit inner
space was provided by the first of the Symposia on Underwater Physiology.

The First Symposium, also initiated by our present chairman and sup-
ported by the National Academy of Sciences—National Research Council
and the Office of Naval Research, was held eleven years ago. The objectives
of this symposium as stated were:

(a) To summarize what is currently known in the field of physiology as
applied to the underwater environment;

(b) To direct the attention of those working in physiology to the various
problems which exist;

{e) To encourage consideration of these problems in the evaluation of
related research;

(d) To formulate proposals for future research and development, lead-
ing to incereased capabilities of underwater swimmers, o

To accomplish these objectives, the program committee for the first
symposium invited the foremost authorities in this field of research to
participate. The evidence for the enthusiastic response to the invitations
of the committee may be found in the comments made by the introductory
speaker, Captain O. D. Yarbrough, Medical Corps, U. S. Navy, (now
retired), when he referred to his audience as ‘‘a hard corps cadre represent-
ing the sum total of scientific and practical knowledge, at least within
these continental confines, with regard to individual underwater activity.”

The successful accomplishment of the objectives of this Symposium by
this “distinguished hard corps cadre” is a matter of history and is well
known to all who are interested in this field. With the support and guidance
of the National Academy of Sciences, the Navy Medical Department had
been provided with the means to justify a many-fold increase of in-house
rescarch programs. Furthermore, the Office of Naval Research was able
to obtain funds from the military budget to provide financial support to
universities with capabilities and interest in developing research programs
in underwater physiology. Additional funds were also made available for
the advanced training of selected medical officers at these universities.

Directing our attention solely to those areas of hyperbaric physiology
which are applicable to the military needs, the contributions of the 1955
Symposium and the one which followed it in 1963 are indeed impressive.
They have resulted in:

1) An increase in knowledge and understanding of the biochemical
mechanisms and physiologic cffects of oxygen, carbon dioxide, nitrogen,
helium, and other inert gases; inert gas narcosis; prolonged and continuous
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exposure to increased ambient pressures, as in the Sealab T and Sealab 11
experiments; neuropharmacolegy and neurophysiology; respiratory physi-
ology and the etiology of and treatment for the bends.

2) Improved decompression and no-decompression diving tables and
diving accident treatment tables.

3) Diving tables for deeper and longer dives and for multi-gas mixtures.

4) The development of decompression computers and computer tech-
niques.

5) The design of improved underwater breathing equipment.

A secondary accomplishment of these Symposia on Underwater Physi-
ology has been their impact on clinical medicine. There has resulted an in-
creased recognition that exposure 1o positive pressures cffers a means of
modifying physiological and pathological processes in man, Many labora-
tory investigators and clinicians rushed 1o the bandwagon with proposals
for hyperbaric treatment of various diseases and conditions, particularly
those associated with tissue anoxia. Fortunately, you who have been the
leaders in underwater physiology were available for consultation and plan-
ning of these clinical studies so that they have been conducted fruitfully
and with a minimum of complications.

Now, as in 1955 and in 1963, senior scientists of our Universities and the
Navy feel that there is a need to compile and re-evaluate the results of
research efforts in the field of underwater physiology. Upon completion of
this compilation and re-evaluation, this august body of scientists will
undoubtedly formulate a program for future endeavors. Although it would
be presumptuous of me to suggest to this conclave speeific programs for
future research, it is evident that continued effort {o inercase our knowl-
edge of the biochemical mechanisms and physiologic effects resulting from
human exposure to even longer and deeper dives, possibly even to the
limits of man’s capabilities and endurance, is an essential and reasonable
goal.

Thus, the Navy Medical Depariment anxiously awaits (and will be
responsive to) the guidance and direction provided by the National Acad-
emy of Sciences - National Research Council and the Office of Naval Re-
search in the further and continued exploitation of inner space. And, the
entire medieal family will profit by the evaluation and recommendations
concerning the past three years of hyperbaric rescarch as they may apply
to and prove beneficial to the practice of clinical medicine.



2 } R. D. WORKMAN

Underwater Research

Interests of the

U. S. Navy

The increasing importance of man’s underwater capabilities from a
military standpoint has been recognized and supported in the U. 8. Navy
by an expanded research effort at laboratories under management of the
Bureau of Ships and the Bureau of Medicine and Surgery, and by the sup-
port of rescarch programs by the Office of Naval Research including its
joint sponsorship with the Special Project Office of the Sea Lab I and II
experiments. These efforts are directed toward realization of the goals of
the Navy’s Man-In-The-Sea Program to establish man’s ability to work
in the open ocean down to continental shelf depth for as long as desired,
and to determine the ultimate depth-time limits to man’s ability to work
on the ocean bottom, provided he has available to him all the ancillary
equipment, gas mixtures, pharmacological agents, ete. that can be of help.
There are many medical, physiological, psychological and technological
problems associated with attaining these objectives. A brief review of the
work in progress in the U. S. Navy to meet these goals will be presented
here.

An evaluation of the necessary components of the diving system including
equipment and procedures was needed, for it was obvious that those used
in the past would not be adequale to meet extended requirements. Where
the emphasis in the past had been upon short, deep helium-oxygen dives
in support of submarine rescue and salvage, extended work periods under-
water will now be required with ultimate decompression time significantly
increased. The need for a pressurized compartment at the work site with a
respirable atmosphere maintained therein for the dive is clearly seen. Two
alternate approaches are possible to meet these needs, including

a. An underwater station.

4



Underwater Research Interesis of the U. S. Navy 5

b. A submersible decompression chamber (SDC) -shipboard or deck
decompression chamber (DDC) complex.
The capabilities of the two systems complement rather than substitute for
each other.

Divers with the necessary breathing apparatus are thus able to be placed
at the underwater site to carry out productive work over a period of hours
or days. Upon completion of the work, the divers are transferred under
pressure to the shipboard decompression chamber from the mated SDC
and final decompression carried out. The ascent profile may be by stage,
or continuous ascent at a carefully controlled rate, with an atmosphere of
helium-oxygen or helium-nitrogen-oxygen maintained mm the DDC. A
constant safe Po, 1s controlled by a polarographic oxygen electrode sensor-
control system, and carbon dioxide removed by alkali absorbent canisters.
Atmosphere recirculation, humidity and temperature control is provided
by a recirculating chilled water system powering fans magnetically linked
to water turbines, thus climinating electric motors in the pressure chamber.

The submersible decompression chamber was first proposed by Dr.
Leonard Hill, a renowned British physiologist, in 1907 in a report of studies
on diving to the Admiralty by J. S. Haldanc (1). Designed and built by
Sir Robert Davis of Siebe Gorman Ltd, the SDC has been in use by the
Royal Navy for over 30 years. Only recently has its full capability been
realized with a design used by K. Link and C. J. Lambertsen to permit
locking on to a deck decompression chamber (DDC) by which the divers
can be transferred under pressure at the surface from the SDC (7). Thus,
the long exposure to cold during decompression in the water is avoided,
and decompression of hours to days duration can be accomplished with
comfort in the chamber to greatly extend the scope of diving depth and
duration of exposure.

Another important advantage gained in the use of the SDC is the safety
provided the diver working at depth by the proximity of a respirable at-
mosphere in a dry chamber where he can return in the event of equipment
failure, injury or impairment of consciousness.

As the use of the SDC is developed, heat can be provided to the divers
from the power or heat source at the SDC. Direct observation of the con-
dition of the divers in the SDC and at the work site is possible with use of
closed-circuit television. The SDC can be placed near a work site, thus
avoiding the drag of current on hoses to the diver from the surface, which
has seriously impaired mobility and work efficiency.

Decompression procedures and diving equipment development has
therefore been along the lines of utilization of the SDC-DDC complex in
diving operations, in that deeper and longer dives with present equipment
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and techniques is considered to increase risk to divers in an unacceptable
nmanner.,

Attention has been dirceted to design of breathing apparatus for the
diver working from the SDC or underwater station. It was considered that
semi-closed mixed gas SCUBA with mass flow of the gas mixture could
provide adecuate control of the breathing mixture oxygen level, reduce the
gas volume use rate required at depth, absorb exhaled CO; efficiently and
give mobility to the working diver. This apparatus would be particularly
adaptable for use from an SDC with gas mixture supplied by hose from
supply banks thereon.

Similarly, the diver must be provided an optimum respirable medium
that he may work effectively, unimpaired by breathing resistance, CO,
retention, narcosis and oxygen toxicity. Use of a helium-oxygen mixture,
with Po, maintained at about one ata. during the work period, has served
to accomplish these factors during periods of hard work for two hours
(Fig. 1). Decompression may then be carried out with nitrogen-helium-
oxygen or nitrogen-oxygen mixtures, which appear to give some decom-
pression advantage over helium-oxygen, at depths at which excessive gas
density and narcosis ean be avoided.

Studies of breathing resistance in the CO, absorbent canister have dem-
onstrated excessive resistance at depth with the cylindrical canister. A
flat canister with absorbent space in the form of a frustrum of a rectangular
pyramid has been developed at EDU (U. 8. Navy Experimental Diving
Unit) to decrease the resistance to gas flow through the granular absorbent
bed without sacrificing efficiency of CO, removal (Fig. 2). This canister
has demonstrated acceptable flow resistance to a depth of 400 feet during
tests with air (2).

Another equipment requirement developed by EDU personnel is a flow
control block for gas mixtures used with the semi-closed mass flow appa-
ratus (Iig. 3). Selection among three different flow settings for use with
different gas mixtures can be made quickly and surely by the diver as his
requirements vary with the dive and decompression. Gas supply from a
manifold inside the SDC can be shifted by the diver as needed. The gas
supply pressure is reduced by a regulator to that required for adequate
flow at the control block. Gas is supplied by hose directly to the control
block, with flow then to the breathing bags.

Thus, the breathing apparatus consists only of the gas flow control
block, breathing bags and hoses, mask or mouthpiece, and CO, absorbent
canister (I'ig. 4). No gas cylinders are attached to the apparatus as the gas
supply in the SDC is assured and controlled by the dive attendant.

Working dives for 15 minutes actual time at depth have been completed
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successfully for depths from 300 to 600 feet with the breathing mixtures
and equipment described (Ifig. 5). The dives were simulated in the wet-
dry pressure complex at KDU with the divers transferring to the dry cham-
ber for decompression upon completion of the work period underwater in
the wet chamber.

It became apparent that the decompression time required for the diver
to breath an enriched oxygen-inert gas mixture by demand mask became

Fic. 4. Prototype of deep dive mixed gas breathing apparatus used at the U. S.
Navy Experimental Diving Unit.
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excessive as diving depth increased. Thus, a respirable chamber atmosphere
would be required for prolonged decompression, and this becomes feasible
if productive work time at depth can be increased to several hours.

While there is little information available to indicate work cfficiency
with exposure time at various depths, cold exposure and types of work, it
was decided that working dives of 1 and 2 hours would be needed to ac-
complish work which would require a considerable number of shorter dives
to complete. The significant uptake of inert gas in slowly cquilibrating
tissues during such long dives obligates a prolonged decompression which
.an only be considered possible with use of the SDC-DDC technique.
Control of the chamber atmosphere to safe levels of Pos to avoid pulmonary
oxygen toxicity and fire hazard is also readily attained in the closed cham-
ber atmosphere to permit use of helium-oxygen or helium-nitrogen-oxygen
mixtures in place of air.

For simplicity, an air atmosphere has been used in the decompression
chamber, with divers continuing {o breathe a helium-oxygen mixture sup-
plied by demand regulators and masks in the chamber until a depth of 80
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pression being required following the first 24 hours of exposure to pressurc.
The SDC-DDC technique makes possible rotation of teams of divers on
an underwater site. The ease of atmosphere control and providing for the
diver’s needs in the DIDC has certain advantages. Upon completion of the
work, decompression by controlled ascent of the DDC can be carried out
over the time required.

Such saturation exposures have been performed successfully by groups
of subjects in the Sea Lab I and II experiments (4). In the latter, three
successive teams of divers demonstrated the capability to perform useful
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work during exposures to helium-oxygen atmospheres at 204 feet for two
wecks each in water at a temperature of 46° to 52° I'. Two subjects spent
once month each in the undersea station. Continuous ascent decompression
was employed over a period of 30 hours after transfer to the DDC from
the underwater station in the SDC.

At EDU, 24 hour exposures at 300 and 400 feet have been carried out
in the wet-dry chamber complex with 0.5 atm. Po, in a helium atmosphere
breathed by the two subjcets on each exposure (5). Work was performed by
the divers with Mark VI semi-closed circuit mixed gas apparatus used in
the wet chamber during the exposure. Oxygen control of the chamber
atmosphere was by means of polarographic oxygen electrode sensors ac-
tivating solenoid supply valves. CO; removal was by means of a fan-driven
unit containing canisters of granular Baralyme. Continuous ascent de-
compression was employed at a rate of 11 minutes/foot (6 hours/atm.)
following an initial decrease of 1 atm. pressure. Three watch sections of
attending personnel were required for the exposure period and the 49 and
67 hour ascent periods for these dives.

In addition to work with deeper diving systems, a considerable number
of dives have been made to evaluate a closed-circuit constant oxygen partial
pressure mixed gas SCUBA. Oxygen sensing and control is by means of a
temperature-compensated polarographic oxygen electrode with suitable
clectronic circuitry and battery power supply. Working dives of a range
from 300 feet for 20 minutes to 70 feet for 220 minutes have been made to
demonstrate depth and duration capabilities. Separate inert gas supply for
helium and nitrogen permit switching of the inert gas fraction of the mix-
ture during the dive and decompression (Tig. 9).

A series of minimal decompression dives, and those of duration permitted
by 15 minutes decompression time using a nitrogen-helium inert gas mix-
ture with Po; of 1.3 to 1.6 atm. abs., are presently being evaluated with
this equipment (Tables 1 and 2). Significant extension of dive duration has
been observed with this procedure over that possible with helium-oxygen
used in semi-closed mixed gas SCUBA.

A decompression procedure using helium-oxygen in the Mark VI mixed
gas SCUBA to permit repetitive dives to a depth of 200 feet has been de-
veloped (6). A system is provided by which the diver can determine the
necessary increase in decompression time for successive dives, based on the
amount of excess inert gas in body tissues upon completion of previous
dives. The amount of decompression required is decreased by the time
interval at the surface between dives. A method utilizing oxygen decom-
pression at 30 and 20 foot water stops is also provided. More than 400
single and repetitive open sea dives at depths to 200 feet have been per-
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work during exposures {0 helium-oxygen atmospheres at 204 feet for two
weeks each in water at a temperature of 46° to 52° F. Two subjects spent
one month each in the undersea station. Continuous ascent decompression
was employed over a period of 30 hours after transfer to the DDC from
the underwater station in the SDC.

At EDU, 24 hour exposures at 300 and 400 feet have been carried out
in the wet-dry chamber complex with 0.5 atm. Po, in a helium atmosphere
breathed by the two subjects on each exposure (5). Work was performed by
the divers with Mark VI semi-closed circuit mixed gas apparatus used in
the wet chamber during the exposure. Oxygen control of the chamber
atmosphere was by means of polarographic oxygen electrode sensors ac-
tivating solenoid supply valves. CO; removal was by means of a fan-driven
unit containing canisters of grapular Baralyme. Continuous ascent de-
compression was employed at a rate of 11 minutes/foot (6 hours/atm.)
following an initial decrease of 1 atm. pressure. Three watch sections of
attending personnel were required for the exposure period and the 49 and
67 hour ascent periods for these dives.

In addition to work with deeper diving systems, a considerable number
of dives have been made to evaluate a closed-circuit constant oxygen partial
pressure mixed gas SCUBA. Oxygen sensing and control is by means of a
temperature-compensated polarographic oxygen electrode with suitable
electronie circuitry and battery power supply. Working dives of a range
from 300 feet for 20 minutes to 70 feet for 220 minutes have been made to
demonstrate depth and duration capabilities. Separate inert gas supply for
helium and nitrogen permit switching of the inert gas fraction of the mix-
ture during the dive and decompression (Fig. 9).

A series of minimal decompression dives, and those of duration permitted
by 15 minutes decompression time using a nitrogen-helium inert gas mix-
ture with Pos of 1.3 to 1.6 atm. abs., are presently being evaluated with
this equipment (Tables 1 and 2). Significant extension of dive duration has
been observed with this procedure over that possible with helium-oxygen
used in semi-closed mixed gas SCUBA.

A decompression procedure using helium-oxygen in the Mark VI mixed
gas SCUBA to permit repetitive dives to a depth of 200 feet has been de-
veloped (6). A system is provided by which the diver can determine the
necessary increase in decompression time for successive dives, based on the
amount of exeess inert gas in body tissues upon completion of previous
dives. The amount of decompression required is decreased by the time
interval at the surface between dives. A method utilizing oxygen decom-
pression at 30 and 20 foot water stops is also provided. More than 400
single and repetitive open sea dives at depths to 200 feet have been per-
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TABLE 1

Comparison of Decompression Required for Dives with 379, He-37% N2-26% O,

DEpTH (FT.)

80
100
120
150
200

Exrosure TIME
(MIN.)

and 74%, He-269, O

DECOMPRESSION TIME (MIN.)

He-N2-O2

12
14
24
22
35

HEe-0:
46
42
52
52
72

formed without decompression sickness or oxygen toxicity occurring during

use by operational personnel.

Several studies vital to the extension of diving in the U. 8. Navy are
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TABLE 2

Comparison of Dives on He-0y and on No-He-0s with No Decompression
and with 15 Minutes Decompression

Borrom Time (MINUTES)
75-25%) HELIuM-OXYGEN

BorroMm TIME (MINUTES)
NI1TROGEN-HELIUM-OXYGEN

Derte (Fr.) 15 Min. O No DecoM- 15 MiIN. DE- | 15 MiN. DE-
No De- 15 MiN. DE- DE- 2 PRESSION COMPRESSION |[COMPRESSION
COMPRESSION |COMPRESSION | poppecr o (1.3-1.6 ?g:‘. Asgs.|1.3 AE()',ABS' 1.6 A1I"A(().’Ans.
70 85 100 115 240 —_ -—
80 60 70 80 1401.3 — —
Latm.

90 45 60 70 80{ abs. 130 —
100 35 45 50 50| Pos 100 —
110 30 40 50 40 70 —
120 25 35 40 35 60 —_

1.6
130 20 30 35 30patm. 45 —
140 15 25 30 25| abs. 40 —
150 15 25 25 20{ Po: — 40
160 10 15 20 15 —_ 30
170 10 12 20 12 — 25
180 5 10 15 10 — 20
190 — 10 10 9 — 17
200 — 8 — 8 — 15

reported in other papers of this volume. These include assessment of ven-
tilatory adequacy and performance decrement during working dives, mech-
anisms of bubble resolution in induced air embolism in animals, improved
methods of treating deecompression sickness, excursion diving from satura-
tion exposures, decompression for saturation exposure dives and studies of
thermal protection during cold water exposure. Even this listing is not in-
clusive of all the studies in progress for there are many more of a basic
and exploratory nature which may well prove vital to advance the state

of the art in diving over the coming years.

ton, D. C.
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Swedish Naval Interests in
Diving Research

The Swedish Hydrogen-Oxygen Diving Method
Developed by A. Zetterstrom

Twenty-three years ago the young Swedish engineer, Arne Zetterstrom,
suggested to the Royal Swedish Navy that it “use hydrogen in deep-sea
diving in such a way that there would be no risk for explosion” (quoted
from ref. 34). The method proposed involved the use of a synthetic gas
mixture containing 72 per cent hydrogen, 24 per cent nitrogen, and 4 per
cent oxygen. Based on comprehensive physiological studies, including de-
compression experiments on rats and cats, Professor Y. Zotterman accom-
plished the important and laborious task of computing hydrogen-oxygen
decompression tables applicable for man (10). Two years later, in the sum-
mer of 1945, Zetterstrém broke the then existing, deep-sea diving record
as he, in the last of a series of test dives, descended to a depth of 160 meters
(525 ft). In this last dive Zetterstrém breathed a mixture of 96 per cent
hydrogen-4 per cent oxygen while on the bottom, and reported that no ill
effects from the inhalation of the hydrogen gas mixture werc experienced.
Thus, no signs of depth narcosis were noticed, and the breathing resistance
was appraised as heing no greater than with air at 40 meters. Since the
voice beecame nasal and indistinet, the diver had to use the Morse code,
and because of the high heat conductivity of hydrogen gas, he felt the low
temperature of the water sooner than when diving with ordinary air. In
the initial phase of the ascent, the diver was accidentally brought closer
to the surface than the decompression schedule of the dive had prescribed,
which resulted in the death of Zetterstrom, due to severe hypoxia and de-
compression sickness.

Much more basic rescarch is required concerning the physical properties
of hydrogen-oxygen mixtures and their physiological effects on man before
the hydrogen method can be safely used in routine diving operations. The

16
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work and empirical observations made by Zetterstrém, however, demon-
strate that such gas mixtures provide a respirable atmosphere for man even
at very high pressures, and thus, a potential possibility of extending useful
diving depth. By its stimulating and encouraging influence on other in-
vestigators, the pioneer work of Zetterstrom has also meant a great deal
to the Swedish underwater research activity in general.

In the following pages I will provide a brief review of some of the medical
problems which confront man as a diver and, which in recent years, have
been studied by Swedish investigators. The topies which will be emphasized
will be: performance in high-pressure atmospheres, decompression sickness,
free ascent and related problems, and intercommunication problems in
deep-sea diving.

Performance in High-Pressure Atmospheres

Mental and Psychological Reactions in Hyperbaric Air

For more than a century it has been known that man may show signs
and symptoms of narcosis, such as euphoria, slowed mental activity, con-
fusion, and impairment of performance when exposed to compressed-air
atmosphere. According to empirical observations in deep-diving and caisson
operations such overt signs of narcosis first appear at pressures equivalent
to diving depths of 30 to 50 meters, and then increase gradually with the
depth until at a level of about 90 meters the diver is considered incapable
of taking care of himself. Although this phenomenon, usually referred to
as depth or compressed-air narcosis, is seldom fatal to the heavy helmet
diver, it may often result in drowning in the scuba diver because of loss of
consciousness, or due to the fact that the diver pulls off the face mask or
mouth piece.

Depth narcosis, along with decompression sickness, 1s not only the most
obvious hazard in deep diving operations, but also the vital factor that
eventually may determine the limitation of useful diving depth. In recent
years therefore, much attention has been directed to the various psycho-
physiological problems which confront man when exposed to extreme am-
bient pressures. In Sweden the research activity in this field has been
concentrated primarily on studies concerning the effects of raised air pres-
sures on mental and psychomotor functions in order to establish the depth
tolerance and limit in ordinary air diving. These studies constitute an
integral part of a series of psychological, physiological and technical ex-
periments that are now undertaken by the Swedish Navy with the object
of developing methods for routine diving trials down to, and including,
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depths of 150 meters, and with exposure times of at least 60 minutes at
these depths.

Manual Dexterity and Arithmetic Calculation Capacity: The
psychological investigations in this research program have, since 1959, been
conducted by Dr. J. Adolfson. In a first pilot study (1), twenty mine
clearance divers were tested in a dry compression chamber at a pressure of 7
atmospheres absolute, equivalent to a diving depth of 60 meters (approxi-
mately 200 feet). Five types of tests were used, designed to evaluate manual
dexterity, manipulative ability, simple and choice reaction times, and
arithmetic calculation capacity. When compared with control tests at
normal sea level pressure, no significant changes in the first two variables
were demonstrated, and only slight impairment of the last three variables
was observed. It was therefore considered that well-trained divers,
breathing air, should be able to carry out even rather complicated tasks at
depths of 60 meters.

In order to further examine the depth tolerance in air diving, tests on
manual dexterity and arithmetic calculation capacity were then made on
15 divers and submariners, both officers and enlisted men, at pressures of
1,4, 7, and 10 atm. abs. (1, 3). In a first test series the subjects were at rest,
and in a second series they performed leg exertion on a bicycle ergometer
at a work load of 300 kgm/min. In addition, a third test series was made
at 13 atm. abs. (approximately 400 feet) on 13 of the 15 subjects under
resting conditions. The experiments were carried out in a dry compression
chamber at our laboratory. To exclude admixture of expired carbon di-
oxide, the air inhaled was administered from compressed-air cylinders via
a mouth piece and a demand valve system.

As shown in Figure 10, manual dexterity decreased with increasing am-
bient pressure, both at rest and during leg exertion. As in the pilot study,
the performance decrement at rest was very slight at pressures up to and
including 7 atm. abs., but it increased markedly with the depth. Of special
interest is the observation that, at each test pressure, the decrement was
significantly greater in the exercise experiments, in which the impairment
in manual dexterity became manifest already at 4 atm. abs. That the leg
exertion itself had no apparent adverse effects on manual dexterity is evi-
dent from the fact that there was no significant difference between the
rest and exercise control values obtained at sea level pressure.

The tests on arithmetic calculation capacity showed similar results, i.e.,
the capacity decreased with increasing ambient pressure both at rest and
during leg exertion, especially in the higher pressure range (Fig. 11). Also
in this test the loss of capacity was greater in the exercise experiments. While
physical exertion thus seems to aggravate the signs and symptoms of depth
narcosis, the causes and mechanisms involved have not yet been estab-
lished.
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Another interesting observation from these investigations was that the
results obtained at rest differed according to the rate of pressure applica-
tion. Thus, when the test pressures were applied in the order 10, 7, and 4
atm. abs. (“rapid compression’’), the decrement of performance was found
to be more marked than when applied in the order 4, 7, and 10 atm. abs.
(“slow compression”’). In the exercise experiments, on the other hand, the
rate of compression had no apparent influence on the test results.

Continuous Free Association: In a subsequent investigation (8), tests
on continuous free association were made on 9 subjects at pressures of 1, 4,
7, 10, and 13 atm. abs. in a dry pressure chamber. At each pressure level
the test subject was presented eight different stimulus words, such as dog,
ball, tube, etc., and on each of these stimulus words he was to respond with
a, series of single words as rapidly as possible. The subject was asked to let
each word that he mentioned freely suggest the next in order, as exemplified
by the following sequence: “‘dog - cat - horse - buggy - wheel-tire - rubber -
cte.” The average number of responses given in 60 seconds on a single
stimulus word at each one of the test pressures was calculated for each
subject and then estimated in per cent of his control value at ground level.
The number of associations became successively reduced with increasing
ambient pressure, the mean reduction for the 9 subjects amounting to 22,
32, and 36 per cent at 7, 10, and 13 atm. abs., respectively (Table 3). These
results, thus, confirm earlier observations that depth narcosis also shows as
an impairment of association ability.

TABLE 3
Percent Decrement of Performance in High Pressure Atmospheres.
[Combined data from Adolfson et al. (1-8).]

Mean values are for 9 to 23 subjects. The reference levels, i.e. 100% performance capacity, relate to control
data obtained at sea level pressure.

80%, HE-
AIR BREATHING 20% Os

ConpirroN Dry COMPRESSION CHAMBER CH}KHE;ER Cn],)xg -

EXER-

REST EXERCISE} REST Rest cisef
AMBIENT PRESSURE, ATM. ABS. 4 7 10 13 4 7 10 7 10 10 10
Manual dexterity ................0 -1 3 9 1% | 9rx | 17*+ | 22%* 1 13** ™| -2
Arithmetic caleulation............ 3 6 24%+ | 61** | 1 12%% | 41** | 21* | 34** | - 4
Continuous free association. 10 | 22+« | 32%% | 36*+ [ — — - — —_ — —
Visual choice reaction. ..... . 1 3 15%* | — — -— - — —_ — —_
Hearing discrimination........... 1 7% | 13% | — — —_ — —_ —_ — —_

t Leg exertion, 300 kgm/min, on a bicycle ergometer.
* Significant at the 5% level of probability.
** Significant at the 1% level of probability.
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Visual Choice Reaction and Hearing Discrimination: It is an old
experience that divers at great depth often show difficulties in conceiving
and understanding orders and messages that are delivered over vocal com-
munication systems. Perceptional and psychosensorial disturbances at
depth have also been noticed in some of the subjects in the previously men-
tioned investigations. In an attempt to differentiate and evaluate possible
factors and mechanisms responsible for these phenomena, two other series
of experiments were carried out (1, 7). The tests used were designed to
evaluate visual choice reaction (1) and hearing discrimination (7). Both
test series were made in a dry compression chamber at pressures of 1, 4, 7,
and 10 atm. abs., the first series on 10 subjects, the second on 23 subjects.
In the hearing discrimination test a series of specially selected words were
presented to the subject from a tape recorder, and the subject had to re-
peat the words in the way he understood them. At each test pressure the
sound volume was adjusted to a level that was pleasant for the subject and
well above the hearing threshold. As can be seen in Table 3, a noticeable
impairment of the hearing discrimination ability appeared already at a
pressure of 7 atm. abs., whereas visual choice reaction became significantly
reduced at 10 atm. abs.

General Behaviour at 13 Atmospheres: The general reactions and
facial expressions of the subject and the tester in the pressure chamber were
continuously followed on a television monitor screen and, in some instances,
also recorded on 16 mm colour film by a remote-controlled film camera. In
addition, their conversation and voices were tape recorded.

While no or only slight signs of mental and psychomotor disturbances
were noticed at pressures less than 10 atm. abs., marked symptoms were
observed in the majority of subjects at 13 atm. abs. Thus, most of the sub-
jects showed alterations in mood and affectivity, which in some cases de-
veloped into a manic state with shouting and restlessness. A great variety
of perception disturbances, such as micropsia, hallucinatory reverberation
of auditory patterns, a general sense of increased intensity of vision and
hearing, and illusions of various types were reported by the subjects. No
unusual sensations of taste or smell were noted, however. In most cases
more or less severe disturbances of consciousness were observed which took
different forms, from a general clouding of the awareness of the surround-
ings with difficulties in concentration to a definite sense of impending
blackout. On reducing the ambient pressure, all the symptoms were readily
reversible although some of them persisted down to 7 atm. abs. In contrast,
on raising the pressure these gross symptoms became first obvious at 13
atm. abs.

Comparison Between Experiments in Wet and Dry Compression
Chambers: The object of the next experimental series (4) was to find out
whether immersion of the subject would cause any alterations of the ob-



22 Naval Experiences in Extending Diving Depth

served decrements of performance at raised air pressures. Tests on manual
dexterity and arithmetic calculation capacity were therefore carried out on
11 subjects at rest in a wet compression chamber at the Naval Diving
Training Center in Stockholm. The pressures used were 1, 7, and 10 atm.
abs. It was found that at each single pressure level the test values were 15
to 25 per cent lower than in the dry chamber experiments (Fig. 12). This
suggests that although submersion itself made it more difficult to accom-
plish the tasks presented, it did not have any apparent influence on the per-
formance decrement caused by high air pressures (¢f. Table 3). It may then
also be concluded that studies on depth narcosis which, from a technical
point of view, are difficult to perform when submerged, e.g., EEG-studies,
may conveniently be carried out in a dry pressure chamber.

Comparison with Helium-Oxygen Breathing: It is well known that
the symptoms of depth narcosis become much reduced if helium-oxygen
mixtures are substituted for air as breathing medium. However, previous
performance tests at depth with such gas mixtures have been restricted to
resting conditions, and it was therefore considered of interest to investigate
whether muscular exercise might enhance any narcotic effect of helium-
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F1a. 12. Comparisons between performance tests at rest in wet and dry compres-
sion chambers. [Data from Adolfson (4).]
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oxygen mixtures at 10 atm. abs. Tests on manual dexterity and arithmetic
calculation capacity were made on 10 subjects at rest and during leg exer-
tion (300 kgm/min) in a dry compression chamber while the subjects were
breathing a mixture of 80 per cent helium-20 per cent oxygen (2). No sig-
nificant changes of the two variables could be demonstrated at 10 atm. abs.
either at rest or during exercise, except for a slight impairment of manual
dexterity in the rest experiments (Table 3).

Psycho-Physiological Responses to High Oxygen Pressure

A great number of investigations have demonstrated that exposure to
high oxygen pressure can provoke convulsive seizures and unconsciousness
(30). The nature and site of the neurophysiological disturbances leading up
to the convulsive state have not yet been established, however. If, as has
been suggested, the cerebral cortex as a whole is the site of motor seizure
origin, it would seem reasonable to expect the convulsions to be preceded
by a deterioration in performance. Furthermore, if that would be the case,
it should also be possible to explain compressed-air narcosis as caused in
part by the high oxygen pressure itself.

In order to evaluate these possibilities we have performed a series of ex-
periments in collaboration with Drs. M. Frankenhaeuser and V. Graff-
Lonnevig (19). Psychomotor performance of 10 subjects during exposure to
oxygen at 3 atm. abs. was compared with performance under normal air
breathing at 1 atm. abs. In none of the three tests used (simple and four-
choice visual reaction times and mirror drawing) could any significant
influence of high oxygen pressure be demonstrated. Nor did performance
show any tendency to deteriorate with time within the 30 minutes period
employed. Of special interest are the observations made on one of the sub-
jects, who suffered an attack of generalized convulsions and unconscious-
ness after 17 minutes of oxygen breathing at 3 atm. abs. Even in this case
no signs of deterioration were revealed until the moment of onset of the
attack, which shows that psychomotor performance can be maintained at
a high level up to the critical point, when overt symptoms of oxygen poison-
ing are noticeable. It may also be concluded that depth narcosis is not, to
any significant degree, caused by the high oxygen pressure itself.

The effects of high oxygen pressures on the histology of the central nerv-
ous system and certain endocrine cells have been studied by Edstrém and
Réckert (14). Rats were exposed daily to oxygen at 6 atm. abs. for about
cight weeks, the exposure times being adjusted so as to give only a low in-
cidence of convulsions and lung symptoms. In some of the animals slight
motor symptoms of a paralytic nature developed after about two weeks,
but then regressed and eventually disappeared during the continued oxygen
treatment. No histological signs of any pathological changes of the lungs,
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or degeneration of the central nervous system (hypothalamus, motor cor-
tex, cerebellar cortex and spinal cord) could be observed at autopsy after
7 to 9 weeks. The mode of action of high oxygen pressures on the central
nervous system was therefore presumed to be entirely functional. The effects
observed on a number of endocrine organs and on the sympathetic nervous
system were considered to be characteristic for a non-specific stress reaction,
except for the case of the thyroid. Further evidence for a specific effect of
high oxygen pressures on the thyroid function has been given by Sjéstrand
(32).

Causes and Mechanisms Involved in Depth Narcosis

In spite of a great number of experimental investigations (see ref. 9) the
causes and mechanisms involved in depth narcosis are not fully understood.
Based primarily on results from comparative studies on the narcotic effects
of mixtures of oxygen and the so-called inert gases at increased pressures,
the majority of investigators have concluded that depth narcosis can be
ascribed to a specific narcotic action of the inert gases under pressure.
Other investigators believe, on the other hand, that it is a matter of carbon
dioxide narcosis, the CO, retention being caused, it is suggested, by inter-
ference with the CO; elimination in the lungs due to the increased density
of the gases breathed.

In an attempt to separate the possible causes and mechanisms involved
in compressed-air narcosis, we have compared the effects on psychomotor
performance (simple and four-choice visual reaction times and mirror
drawing) of inhalation of different nitrogen-oxygen mixtures at rest in
hyperbaric environments (20, 24). The gas mixtures and ambient pressures
used were chosen in such a way that the effects of 1) increasing the nitrogen
pressure with no change in oxygen pressure, and 2) varying the oxygen
pressure at a constant high level of nitrogen pressure could be demonstrated.
When the oxygen tension was kept constant, either at a low or at a high
level, an increase in nitrogen pressure of 3 to 4 atmospheres produced but
very slight changes in performance. At a constant high nitrogen pressure
(3.9 atm), on the other hand, the simple and choice reaction times showed a
tendency to increase with increasing oxygen pressure. Since high oxygen
pressures per se have no measurable influence on these variables (19), the
above results indicate that oxygen excess has a potentiating mechanism on
nitrogen narcosis. It was also concluded that excess oxygen acts indirectly
by interfering with the elimination of carbon dioxide from the tissues.
Evidence for a synergistic narcotic action of high nitrogen and carbon
dioxide tensions was first given by Case and Haldane (12).

The observation of Adolfson (1, 3) that exercise potentiates compressed-
air narcosis may then be explained in terms of a possible further elevation
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of brain tissue Pco, due to suppression of the normal ventilatory response
to exercise. This would be a consequence of a marked rise in resistance of
the airway itself and the breathing apparatus at high flow rates and in-
creased air densities. The empirical observation that helmet divers usually
become more intoxicated at depth than the scuba diver may possibly be
explained in terms of a more pronounced CO, retention resulting from the
elevated inspired Pcos due to accumulation of carbon dioxide in the helmet.

Observations on Physiological Reactions in Hyperbaric Environments

Of utmost importance for practical diving operations is to find out why
work at depth usually results in exhaustion within a comparatively short
period of time. The mechanisms responsible for this phenomenon are as yet
poorly understood, but it scems highly probable that a great number of
respiratory and circulatory factors are involved.

In collaboration with Dr. B. Holmgren, we have studied the influence of
raised air pressures on some respiratory functions at rest (27). With in-
creasing ambient pressure, respiration became progressively slower and
deeper (Fig. 13). At 4 atm. abs. the average reductions in respiratory rate
and minute volume amounted to 27 and 10 per cent, respectively, and the
increase in tidal volume to 33 per cent. Because of a decreased functional
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dead space/tidal volume ratio, the alveolar ventilation was somewhat
increased despite the reduced respiratory minute volume. In order to sep-
arate and evaluate possible factors responsible for these changes, we also
studied the effects of inhalation of different nitrogen-oxygen mixtures at
various ambient pressures. By comparing the data from different experi-
mental situations, the evidence obtained showed that the respiratory
changes observed in hyperbaric air (4 atm. abs.) were caused by the com-
bined effects of increased oxygen pressure and increased breathing resistance
due to the increased air density. It was also concluded that nitrogen itself
at pressures up to 3.8 atm. exerts little, if any, depressant action on respira-
tion. More information is needed, however, concerning the respiratory
responses to air pressures in excess of 4 atm. abs., both at rest and in exer-
cise.

In the earlier mentioned experiments on psychophysiological effects of
breathing a mixture of 80 per cent helium-20 per cent oxygen at 10 atm.
abs. (2), the respiratory minute volume and heart rate were also measured
(25). It was found that, on raising the ambient pressure from 1 atm. abs. to
10 atm. abs. during leg exertion at a work load of 300 kgm/min, the heart
rate fell from a mean value of 108 beats/min to 98 beats/min. At 10 atm.
abs. the respiratory minute volume averaged 8.8 1/min (ATPS) at rest,
and 21.6 1/min during exercise.

In the air breathing experiments at rest, referred to above (8), the heart
rate showed a tendency first to decline, and then to rise with increasing am-
bient pressure. Determination of catecholamine excretion revealed no
noticeable changes at raised pressures. A remarkable complication to this
study appeared during the collection of urine samples. The intention was to
obtain a sample during the first hour at depth. However, most of the sub-
jects were unable to produce any urine during this period even though half
a liter of water was consumed at the beginning of the experiment. Not until
the pressure was lowered to a level of 3 to 4 atm. abs., could a sample be
delivered. In some cases there was a period of complete anuria during more
than two hours, after which half a liter of urine was produced in fifteen
minutes.

Decompression Sickness

Experiments on Animals

It is generally held that the symptoms of decompression sickness, or the
diver’s bends, result from the occurrence of gas bubbles in tissues and/or in
small blood vessels (13). However, theoretically, it scems quite possible that
other than simple physical-mechanical factors might also be involved. To
study the bends syndrome from the biochemical point of view, Dr. E.
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Kindwall, while working in our laboratory, started a series of experi-
ments, which for the sake of convenience as well as economy were carried
out on small animals. It was soon found, however, that small animals react
differently to decompression from large animals. As early as 1908 Haldane
et al. (11) had observed that small animals are more resistant to bends, and
attributed this to their faster circulation being able to remove the excess of
nitrogen before symptoms could appear. This explanation seems doubtful,
however, because in shorter exposures small animals are also saturated more
quickly.

Dr. Kindwall, thercfore, made an attempt to analyze, in greater detail,
the mechanisms of bends in small animals (28). Rats, guinea pigs, rabbits,
and cats were exposed to air at pressures up to and including 11 ata for
varying periods of time, and then rapidly decompressed. A goat and a dog
were also used for comparison. Except for transient c¢yanosis or asphyxial
death in cases of extremely rapid decompression, none of the small animals
showed signs or symptoms comparable to the bends syndrome seen in man
and larger animals. By computing nitrogen saturation-desaturation curves
of six different half-time tissues in accordance with the animals’ different
body weights, metabolic rates, and resultant calculated circulation times,
evidence was obtained that the tissue nitrogen tensions on surfacing could
be extremely high, particularily in the slower tissues, without causing serious
ill effects. It thus appears that the shorter circulation time of small animals
does not by itself explain their immunity to bends. Similarly, no direct
conclusions regarding the efficacy of decompression schedules for man should
be drawn from tests on small animals.

In a second investigation, Kindwall et al. (29) found no evidence of
histamine and serotonin rclease in albino rats, which had been rapidly de-
compressed from 6 ata. Nor were there any changes in the morphological
appearance of the mesenteric mast cells.

An entirely different experimental approach to the question concerning
the correlation between bends symptoms and tissue gas tensions has been
explored by Dr. C. Lundgren, as deseribed elsewhere in this volume.

Observations in Divers

In 1962 the Swedish Navy adopted, with minor modifications, the U. 8.
Navy standard air decompression tables (33) for routine air dives. In a first
test series, which comprised 148 dives to depths of 30 to 60 meters, one case
of pain-only bends, and one case with partial paralysis occurred (23). There
was a rather high incidence of paresthesia, pruritus and skin rash, usually
located in the forearms. Although the causes of such symptoms are as yet
not fully established, practical diving cxperience indicates that they are
produced by bubble formation in the skin, and not, as has also been sug-
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gested, by functional disturbances of the central nervous system. Evidence
supporting the first mentioned explanation was obtained in the following
way (23). In order to prevent cooling of the skin, the right forearm of one
diver was wrapped with an extra layer of wool, and the left forearm of the
second diver. On surfacing, neither of the divers experienced any symptoms
in the arm that had been wrapped, whereas paresthesia appeared in the
other arm. This suggests that cooling of the skin during decompression re-
sults in local vasoconstriction with a consequent reduction of blood flow and
nitrogen wash out.

In simulated dives to 90 meters with 80 per cent helium-20 per cent oxy-
gen and exposure times of 30 minutes (25), the U. S. Navy helium-oxygen
decompression tables (33) were proved to be safe in 20 dives in which the
subjects were at rest throughout the dive. In contrast, when the subjects
performed leg exertion at 300 kgm/min during the 30 min exposure time,
only two out of ten subjects remained entirely free from bends symptoms
during the decompression. In five cases (50 %) the divers had to be recom-
pressed.

Free Ascent and Related Problems

The medical problems associated with methods for emergency ascent in
scuba diving and individual escape from disabled submarines are closely
related to the physiology of breath-holding. In order to find out whether
free ascent can be safely accomplished when preceded by a period of breath-
holding, we have conducted a series of experiments in the 20 meter sub-
marine-escape training tank located in the Royal Swedish Navy base at
Karlskrona (21). It was interesting to observe that not only the maximum
breath-holding time after the inhalation of air increased with the depth of
water, but also the symptoms of distress and unpleasantness experienced
at the end of the breath-holding period (75-180 sec) vanished completely
during the first few meters of the ensuing ascent. While subsequent investiga-
tions (22, 26) have shown that the main cause of the increased breath-hold-
ing ability at depth is the rise in alveolar oxygen tension, the factors re-
sponsible for the second phenomenon have, as yet, not been established.
A probable explanation could be, however, that the subjects continued to
hold their breath during the first meters of the ascent, which resulted in an
increased lung volume and a consequent reduction of the ventilatory stimuli
existing at reduced lung volumes (31).

Intercommunication Problems in Deep-Sea Diving

Of great practical importance in deep-sea diving, from the safety as well
as efficiency point of view, is the capability of maintaining acoustic com-
munication between the surface and the diver. It is an old experience that
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the diver’s ability to talk intelligibly and to comprehend speech is much
reduced at great depth, but information concerning the causes and mecha-
nisms involved has been limited.

Some experimental studies have been carried out in recent years by
Swedish investigators in an attempt to gain improved insight in the physio-
logical and acoustical nature of the above phenomena.

Hearing in Compressed-Air Atmosphere

In order to elucidate the nature of the changes in hearing acuity experi-
enced at increased pressures, Drs. K. Fluur and J. Adolfson (6, 18) have
studied the effect of raised air pressures on the hearing thresholds as re-
corded by air and bone conduction tone audiometry. The experiments were
made on 26 cxperienced divers in a dry compression chamber at pressures
of 1,4, 7, 10, and 11 atm. abs. Earphones were used in the air conduction
tests, and the bone conduction tests were carried out with a traditional
audiometric bone conductor receiver at the frequency range of 250-6,000
cps. The transmission properties of the earphones used were first analyzed
by frequency response measurements at 4, 7, and 11 atm. abs., using an
artificial ear of 6 ml cavity. It was found that, according to the frequency
and ambient pressure, the transmission changes in the earphones amounted
to +5-10 dB.

As shown in Figure 14 the hearing acuity for air conducted sound de-
creased in proportion to the rise in ambient pressure. The audiograms
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presented in the figure are from one single test subject, but with very small
variations similar results were obtained in the other subjects. Points con-
nected by heavy lines show the calculated total elevation of the hearing
thresholds at 11 atm. abs., .e., after allowing for the transmission changes
in the earphones. As can be seen, the elevation of the thresholds was most
marked in the middle frequency range of hearing, where it amounted to
30 to 40 dB. At the two highest test frequencies the elevation was lessmarked,
and in subjects showing good hearing at these frequencies with normal
pressure, only insignificant changes were observed at raised pressures.

The bone conduction thresholds, on the other hand, were found not to be
affected by changes in the ambient pressure, indicating that the function
of the inner ear perception mechanism remained unaffected. The diver’s
hearing difficultics at depth may then partially be explained by the fact
that the raised air pressure causes disturbances in the sound conduction
through the middle ear, whereas there is no loss of sensitivity in the sensory-
neural function (6, 18).

Speech in Compressed-Air Atmosphere

As a first part of a research program concerning the causes and mecha-
nisms responsible for the distortion of divers’ speech at depth, Drs. G. Fant
and B. Sonesson have recently carried out an acoustical analysis of speech
sounds at air pressures of 1 atm. abs. and 6 atm. abs. (15-17). T'our sub-
jeets were told to read out loud a list of nonsense syllables comprising all
possible phonetic combinations, and the speech sounds were recorded with
a dynamic microphone and tape-recorder. By means of spectrography
each single speech sound was then divided into its components, z.e., the
fundamental tone (Fy) and the different groups of overtones or formants
(Fy, Iy ete.). Each vowel is characterized by its formants, which have
defined frequencies.

The spectrographic analysis showed that, whereas the frequency of the
fundamental tone (Fy) remained unchanged on raising the ambient pressure
to 6 ata, the frequencies of the first and second formants (I'; and Fs) tended
to increase (Fig. 15). With few exceptions the IFy-shift was greater in mag-
nitude than the shift in Fy , thus bringing the first formant rather close to
the second formant. It is this substantial rise in Fy that accounts for the
“nasal quality’’ of certain vowels at high air pressures.

By means of X-ray studies carried out at 6 atm. abs. it could be shown
that the distortion of speech at raised air pressures is not caused by an in-
sufficient velar function. Further analysis, based on a theoretical model de-
veloped by Tant, supplied evidence that the observed spectrum distortion
was mainly due to a shunting mechanism in vocal transmission, associated
with the vibration of the walls of the vocal cavities. Due to the increased
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Fia. 15. Graphic representation of spectrograms of the vowels [e] and [i] obtained
at normal and at 6 atm abs air pressure. Note that the rise in ambient pressure caused
no alteration of the fundamental tone (Fy), whereas the frequencies of the first and
second formants (F; and F3) became increased. [From Fant & Sonesson (17).]

gas density at raised pressures the air column of the vocal tract will bring
the soft walls of the supraglottal cavities into vibration, which results in
leakage of overtones through the walls. Attempts made to reduce the shunt-
ing cffect by increasing the impedance of the walls of the voeal tract by
means of mechanical devices have failed so far, however. The use of tele-
technical methods seem more promising, therefore, when trying to reduce
or nullify the distortion of divers’ speech.

By using the resonance formula of Helmholtz it was calculated that, at 1
ata the resonance frequency of the closed vocal tract for the first formant
(Fy) is of the order of 150 eps. The corresponding value at 6 ata was calcu-
lated to be 370 cps. This means that, under given conditions, no resonance
should be possible in the vocal cavity below these frequencies. These
theoretical calculations were supported by the experimental results (Fig.
15).

Studies concerning the effects on speech of inhalation of gas mixtures
other than air at normal and at increased ambient pressures are now in
progress. Preliminary experiments have shown that the mechanisms re-
sponsible for the well-known distortion of speech during inhalation of
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helium-oxygen mixtures are quite different from those mentioned above.
The main cause is the transposition effect due to a higher velocity of sound
in helium atmosphere, whereas changes in the ambient pressure seem to
have only minor influence (17).
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French Naval Activities in

Diving Physiology

Because of the great present interest in deep diving for practical pur-
poses we must extend technological and physiological studies in order to
perform diving under proper conditions. Our knowledge of the problems
which remain is still very limited.

The purposes of most existing diving development programs are explora-
tion and work on the continental shelf. Two technics for exploring the
continental shelves are now being developed. One involves short duration,
deep diving for periods ranging from about 10 minutes to 2 hours. The
second emphasizes establishment of permanent or semi-permanent sub-
marine bases. These technics are of course not in opposition or competition,
but are complementary. During the period from 1963 to the present, the
French Navy has devoted much attention to the problems of advancing
the ability to perform short duration deep diving, while the civilian group
under Cousteau has dealt primarily with practical problems of long dura-
tion submarine stations.

This presentation concerning French Naval Research will be a short
survey of studies at Groupe d’Etudes et de Recherches Sous-Marines
(GERS) during the period since the previous Underwater Physiology
Symposium. We have been dealing with decompression schedules and
elaborate diving schemes which have presented us with significant and
difficult problems. The results are, of course, not conclusive but will be of
interest to diving physiologists.

Calculation of Decompression Schedules

We have been using Haldane’s method for predicting tissue saturation
with inert gas. The method is based on factors which are related to rates
of perfusion of the tissues with blood and the solubility of gases in tissue
fluids. Despite some deficiencies, this type of calculation is better than

34



French Naval Activities in Diving Physiology 35

others for many purposes. It appears, however, that Haldane’s assump-
tions are not adequate for very deep diving and especially for long durations
(1 hour or more at medium depths (100 meters)).

In determining the tissue half-times by the Haldane method we experi-
ment with different series of tissue half-times such as: 7, 30, 60, 120 and 240
minutes, or 5, 10, 20, 40, 80, 120 and 240 minutes. On the basis of logic
it is considered that, when a tissue with a long half-time is saturated, the
immediately shorter half-time tissues do not play any part in the calcula-
tion of required decompression. In order to have a safe decompression pro-
cedure, the schedule must incorporate the slowest necessary tissue. We have,
thereby, obtained similar results with different series of tissue half-times.

The critical supersaturation ratios to be used must also be determined.
Basic values of these ratios were determined with no-stop dives on air and
with mixtures of helium-oxygen, helium-nitrogen-oxygen, and argon-oxy-
gen. The safe values of the ratios were found to be modified by depth,
nature of gaseous mixtures, duration of dive, and problems associated with
exercise during dives. It is well known that the critical super-saturation ratio
is dependent on the exponential factor k:

_CXB
5

k

where

C is the rate of blood perfusion of the tissue,

8 is the solubility of the gas in the tissue, and

B is the solubility of the gas in the blood.

The limiting tissues and supersaturation ratios determined by short no-
stop dives cannot be applied to dives where depth, duration and exercise-
activity are very important and where breathing mixtures other than air
are used.

Another type of decompression schedule for an anatomically definite
tissue consists of stabilizing the supersaturation ratio at its beginning
value and then making exponential ratio changes which modify the half-
time in different experimental conditions.

The breathing gases used in the dives included helium-oxygen mixtures
(varied percentage of oxygen), helium-nitrogen-oxygen mixtures (varied
percentage of oxygen), nitrogen-oxygen mixtures (varied percentage of
oxygen), and pure oxygen. The solubility coefficient in each body tissue
(aqueous or fat) varies with the different gases and plays an important part
in the determination of different half-times.

Experimental dives during the period from 1964 to 1966 are presented
in Tables 4 and 5. It appears from the results that we have to consider
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different levels of depth, such as surface to 70 meters, 70 to 120 meters,
120 to 160 meters, and 160 to 210 meters. True parameters in each of these
depth ranges cannot be directly applied to another level, but the next stage
is based on the preceding one. Duration of stay at the maximum pressure is
of principal importance, and a two hour dive at 100 meters involves more
difficult calculations than a 10 minute dive at 200 meters.

Our experiments with no-stop decompressions show that, for dives using
helium-oxygen mixtures, supersaturation ratios aie less than for dives
using nitrogen-oxygen mixtures. The results obtained using helium-nitro-
gen-oxygen are similar to those obtained with air breathing. When several
gas mixtures are breathed during a dive, we noted that it is important to
use successively gases which do not differ greatly in physical characteristics.
Thus, breathing a nitrogen-oxygen mixture below 30 meters after breathing

TABLE 4
Symptoms during Experimental Dives at 100 to 200 Meters (10 to 20 atm.)
Dives were performed in the sea or in a hydropneumatic chamber.

Dives WITH
v D D

DESCRIPTION OF DIVES I\ug;;‘;zExsor XSVEERSM?UI; " Dl%EEmSITH P;];gogo WElfI gv e
SYMPTOMS PRESSION) PROBLEMS

At rest on the bottom....... 13 1 0 1 11

Light work. . ............... 70 1 4 3 62

Hard work.................. 15 0 2 1 12

TABLE 5

Accidents during Experimental Dives as a Function of
Duration (A) and Depth (B)

A
TIiME ON THE BOTTOM (MIN.) No ACCIDENT l ACCIDENT | % ACCIDENTS
10-15 14 2 12.5
20-30 53 5 8.6
30-60 18 6 25
B
DEPTH (METERS) No AcCiDENT AcCCIDENT | % ACCIDENTS
80-100 >100 0 0
100-120 65 9 12.2
120-150 17 3 15.0
150-200 8 1 11.1
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helium-oxygen is difficult to endure. However between 60 and 30 meters,
for example, everything else being equal, N,-O» mixtures can be breathed
after Np-He-O, without risk. Above 30 meters, breathing N»-O, after He-O,
is easily endured and experiments at GZRS established that between 30
meters and the surface, work of breathing is nearly the same for He-O,
as for No-O, mixtures.

During aseent from a short duration, deep dive we consider that breath-
ing successively He-O2 (deepest depth), He-Ny-Og, No-Oq and then pure
oxygen is satisfactory, provided that the limits of usc are defined for each
gas. In regard to oxygen breathing during decompression, it appears from
our experiments with ventilatory mechanies that the most efficient depth
is about 6 meters. At 12 meters and 9 meters the work of breathing with
oxygen is much increased.

From our applied studies of tissue half-times and supersaturation ratios
we have arrived at several conclusions:

First, determination of the first stop in decompression is the most im-
portant step. The following stops are relatively less important:

Second, we should consider that only two among the entire series of
half-time tissues are important in a particular decompression schedule.
These are (a) a very short half-time tissue at the beginning of ascent, which
can be eliminated from the calculation by choosing the proper rate of
ascent, and (b) a long half-time tissue which depends on the type of dive
which will control the ascent. It is necessary to be certain about the super-
saturation ratio for this tissue.

Next it is considered that tissue half-times and supersaturation ratios
are dependent both on blood perfusion of the tissues and the solubility
of gases in the tissues. During different phases of the dive many param-
eters such as depth, duration, exercise, and gas mixture vary. Therefore,
for a definite anatomical tissue, the acceptable or safe half-time or ratio
can be different on the bottom, during the ascent, and at the surface.

Tor reasons such as these, it is necessary to define the depths at which
the parameters of the decompression caleulation must be changed. In such
a calculation, it is much more attractive to conceive of using a continuous
ascent. Considering the great number and variability of parameters and
the numerous and large differences among subjects, it is not possible to
assure absolute safety of the decompression schema for a dive complicated
by great depth, long time on the bottom, or the performance of work.

Experiments at GERS

Experiments in open sea diving have also recently been performed by
GERS with a small Siebe Gorman submersible decompression chamber
(SDC). The gas mixtures were stored on the SDC and divers were observed
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F1g. 154. Diving chamber—type GERS

from the surface by a television camera. At the end of a period at maximum
depth, the divers were decompressed inside the SDC which was brought up
to the deck of the ship.

In order to improve upon this type of decompression procedure, GERS
is procuring a new SDC which is being made at Cherbourg dockyard and
will be finished by the end of this year.

The objectives of experiments with the new GERS-SDC will be: to place
3 divers at about 300 meters in the dry, pressurized SDC and then to have
2 of them to go out and work. The divers will be brought to the deck with-
out any lowering of pressure and there will start decompression. The de-
compression can then be done either in the SDC itself or in a decompression
chamber to which the divers can be transferred. In both cases, divers will
be dry and comfortable during decompression. Moreover, assistants will
be able to go in and out through a lock.

Three diving procedures are foreseen:

One involves diving to a maximum depth of 120 meters for a maximum
duration of 1 hour and 30 minutes, with a decompression time of not more
than 12 hours. The respired gas mixture to be used in the SDC will be
breathed through a “narguile” or breathing apparatus, and the surrounding
atmosphere in the SDC is air. Therefore it will be necessary to use a breath-
ing apparatus which can be worn for a long time without disturbances.
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A second procedure will be diving to depths of 120 to 300 meters for 30
minutes maximum with a decompression time not much longer than for
the 120 meter depth (12 hours). Use of the surface decompression chamber
will again be necessary. In this chamber the atmosphere on the bottom
must be a gaseous mixture respirable at the surrounding ambient pressure
without any apparatus because air breathing at such a pressure is rapidly
pathogenic. During the decompression which takes place inside a thera-
peutic chamber the divers breathe appropriate mixtures through a respira-
tory apparatus. This decompression technic is practical because the de-
compression time is short enough.

The next diving procedure will be to depths of 100-300 meters and for
a very long duration (from several hours to several days). Long decompres-
sion, in some cases for several days, will be required. Under these conditions

Wide Angle
—~ Television
Camera

Analyzers

Fie. 15B. Diving chamber—type GERS
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Turret

Chamber

Fia. 15D. Breathing apparatus—type OXYMIXGERS

a surface decompression chamber is necessary. The atmosphere in the
submersible decompression chamber as well as in the surface chamber must
be considered in order to provide at all times gas mixtures that will permit
the divers to decompress in comfort without depending for long periods
upon breathing masks or other apparatus which might impair their well
being, natural activities, and sleep.
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Helmet

Dry suit

Isothermic suit

warming suit

Fia. 15E. Design of complete equipment against cold for divers

T

TFic. 15F. Warming suit (GERS-SIDEP). The heat generating component is a
liquid electrical resistance in a flexible tube. The cadmium-nickel battery acts as a

weight.
Fig. 15G. Isothermic suit (GERS-SIDEP). The bottle of compressed air com-

pensates for squeeze during a dive.
Tic. 15H. Dry suit (GERS-SIDEP). Note the cadmium-nickel battery and the

bottle of compressed air.
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Development of Equipment

After having experimented with closed and semi-closed breathing appara-
tus for the past ten years, GERS has developed a SCUBA-unit which can
be used either for closed or semi-closed circuit operation. At 100 meters,
it is required to provide a gas supply for 2 hours. The decreased weight
and bulk are intended to provide advantages over existing apparatus.
The basic principle of the apparatus is that oxygen consumption by the
diver diminishes the volume of the gas mixtures contained in the breathing
bag and the O, utilized must be replaced at the end of the following in-
spiration. A mobile plate on the respiratory bag operates a demand valve
which gives new oxygen. Under these conditions the inert gas volume of the
breathing system remains the same and the oxygen percentage does not
change provided there is no change in the gaseous volume, i.e., the diver
remains at the same depth.

We have developed such an apparatus under the name of OXYMIX-
GERS, in which the respiratory bag is fixed between two plates and is
movable. A smaller bag inside the large bag moves with it. The small inner
bag is connected to the large one through a valve such that the small bag
empties into the water during every expiration. Since the “leak” of gas
is proportional to the volume contained in the large bag, the system pro-
vides a gas mixture in stable equilibrium. The ratio between the large and
the small bags can be changed with the depth of use and the kind of gases
used. The diver chooses the closed or semi-closed system by shutting and
opening the exhaust and transfer valves, using an easily-moved operating
handle.

The duration of use with its 6 liter cylinder volume is about 3 hours at
25 meters, 2 hours at 55 meters, and 30 minutes to 1 hour at 100 meters.
After two years of use, it can be stated that the equilibrium rate is satis-
factory in semi-closed use as well as in closed usage, change from semi-
closed to closed system operation is easy and during closed circuit breathing
at constant depth, the mixture effectively breathed is sufficient.

GERS has also been concerned with developing devices for protection
against cold during diving. Tarlier devices, especially those developed at
Bretigny (France) by Colin, Houdas and Yout, include neoprene suits
which give effective protection on the surface. Neoprene thermic conduct-
ance is about 4.6 Kgecal/m2/hr/°C/cm, thermic conductance is inversely
proportional to the thickness and loss of heat increases with depth because
the thickness of the suit decreases due to the increase in pressure.

Jonsidering that the protection against cold with a neoprene suit is in
fact very good on the surface, GERS and SIDEP created a diving suit
made of synthetic material which has communicating gas cells between two
layers of ordinary neoprene. A bottle of compressed air (or other gas)
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provides gas to the cellular space and compensation for the squeeze of
increased pressurc during descent and work on the bottom. A 100 gram
calibrated valve prevents ballooning and rupture of the material. During
aseent, excess gas contained in the suit is exhausted through a valve which
permits a rate of ascent of about 20 meters/minute. A single compressed
gas cylinder supplies the suit with a total gascous volume of six liters.
By-passes make possible the inflation of the 3 prineipal parts, the hood,
jacket and trousers.

The study of this new material in experiments at GERS by calorimetric
technies and physiological means shows that it has a heat conductance
half that of common neoprene. In order to reduce the loss of heat, the gas
chosen for inflation must be a poor heat conductor.

In addition to this isothermic suit, we add a warming suit next to the
skin, where the heat generating component is a liquid electrical resistance.
The power must be chosen according to the kind of suit, dry or wet.

Experiments are being continued at GERS in order to determine exactly
the heat losses and also how much energy must be delivered in order to
counterbalance the heat losses and to heat the thin water layer near the
skin to about 31° C. This is being done for wet and dry suits, for different
water temperatures (4°C and 12°C), for different depths, for different
gaseous breathing mixtures, and for different levels of exercise.

Finally, in order to determine the nature of ascent curves, GERS is
developing an analog computer in which an clectrical analog to gas uptake
is a capacitor charged through a resistance and the value of ambient pres-
sure is given by a linear integrator. Rate of increase of gas pressure depends
on the sign and value of electrical voltage. The caleulation of the desired
values uses computer time where 1 second of computer time equals 10
minutes of real time. With this analog computer we shall casily be able
o calculate decompression schedules, but, primarily, we shall be able to
study the modifying cffects of the different parameters which influence
decompression such as perfusion and solubility of different gases.

This has been a review of some of the experiments carried out at GERS
of the French Navy in recent years. The results obtained are encouraging,
but they show that there are many still undefined factors in underwater
physiology and that research in underwater physiology continues to be-
come more interesting and more demanding.
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Underwater Medical Re-

search Experiences of

the British Navy

I wish to outline some of the problems which have faced the Royal
Navy in recent years in its attempts to increase the depth of its diving
capability. Although this volume is directed essentially to underwater
physiologists, it must be emphasized that physiological problems are by
no means the only important ones in the approach to deeper diving.

Since the last Underwater Symposium, we in Britain have been interested
in deeper diving and on the experimental side we have always worked
on the assumption that divers may one day be expected to reach 1000
feet or more. Having accepted such a target and bearing in mind the large
individual variation between divers, any research work aimed at producing
safe universal routines for such depths would have to include a very large
safety margin and some would go as far as insisting upon a fifty per cent
excess in experimental dives.

Just as depth must always be the major challenge from an emotional
and competitive point of view, the important requirement is to achieve
a worth while time at depth. This would seem to give two alternative ap-
proaches: either to dive to some chosen extreme depth and work up increas-
ing bottom times or to start shallow for a long period and increase the
depth by degrees.

Having set a provisional goal, planning became an important require-
ment. The physiological and medical aspects were considered in the first
place by the Underwater Physiology Subcommittee of the Royal Navy
Personnel Research Committee (which itself is administered jointly by the
Navy and the Medical Research Council) under the Chairmanship of Pro-
fessor Donald. Later a working group consisting of Professor Donald,
Professor Paton and myself was appointed to advise on the physiological
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aspects with special attention to safety. For this of course we were in con-
tinuous contact with the people who were actually doing the work, in partic-
ular Mr. Hempleman, Dr. Mackay and Dr. Barnard. There were moments
when it appeared we were putting a brake on their enthusiasm and I feel
sure that at times there has been disappointment in the diving teams that
progress has not gone on as quickly as they would have wished although
current achievements are, I think, quite outstanding.

Our first concern has always been the safety and well-being of the divers
and before any sea dives are attempted a series of 10 dives to the same depth
in the pressure chamber with double the bottom time must have been com-
pleted without even the most minor incident, even a niggle! Also it has been
our policy that any routines we adopt should be applicable to any well
trained diver. In this respect whatever may have been said to the contrary,
we have always been adamant in stating that we are not out to achieve a
deep-sea diving record, but to produce safe routines for every day usage.
This is the only possible attitude acceptable to a fighting service in peace-
time.

The temptation which we have resisted of course was to take a small
exclusive group of ace divers and train them through to record-breaking
achievements. Had we done this we would no doubt by now have produced
some even more encouraging results.

There are some details of technique which cannot be discussed here but
which have lead to the recent achievements in our program, including 18
dives to 600 ft. with a bottom time of at least 30 minutes in the sea and
dives to 600 ft. for 2 hours in the chamber.

Omission of full detail is not by any means an unreasonable restriction
and is made largely in the interests of human safety. For many years most
of the great diving achievements have been in the hands of the world’s
Navies and, certainly in Britain, all deep diving has been exclusively so.
We are all well aware, however, that today new techniques which are availa-
ble are extending the field of diving much wider. It is now not only used
in naval practice but is available for recreational purposes and many va-
rieties of under-sea scientific research, much of which is sponsored by Uni-
versity departments. Additionally and recently there is a growing com-
mercial interest, particularly by the major oil companies. They can today
see great advantage in an extension of deep diving facilities in their under-
water drilling programs and they have plenty of money behind them.

I have already said that in the Naval Service we have an unshakeable
obligation to maintain standards of safety of the very highest degree and
although many of our divers find the restrictions somewhat irksome and
would willingly take personal risks to achieve longer and deeper dives, this
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for us is just not acceptable. On the other hand there are individuals out-
side the Service whose major interest in diving is glamour and record-break-
ing and who are prepared {o take risks. Recent examples have shown how
disastrous the results may be and on the commercial side the financial
advantages which may be seen in a speedy accomplishment of diving suc-
cess are considerable and tempting.

It is most important that we should guard against bearing the responsi-
bility for any mishap that might arise from premature disclosure of the
details of our experimental diving schedules. In the hands of operators with
insufficient technical skill or equipment even well-proved diving schedules
can be hazardous, particularly at these great depths. Those of us who have
felt dedicated to and proud of our naval accomplishments in diving, must
in good faith accept the changing pattern.

We must therefore accept the inevitable truth that non-military organiza-
tions may well have a greater need for the exploitation and advancement
of deep diving. We arc in a stage of transition. For many years we have
held pride of place, our men have been the most experienced and our equip-
ment second to none, as for the moment it so remains.

Neither I nor any of my colleagues know at the moment what our future
policy will be. We are convinced that diving will remain an important
branch of the Navy, we are hopeful that we shall be asked to increase its
capability. Whatever the outcome for deep diving, the increasing activity
in the shallower depths will keep our specialists busy for many years to
come.

Much that has been achieved already has been the result, not so much
of scientific reasoning, though of this there has been plenty, but from a
carcful and considered “trial and error” approach. I know this is a highly
technieal and scientific Symposium but I hope that the generalization I
have given will help to dispel any misunderstanding and present our prob-
Iems in a frank manner.

Let us look now at the more physiological requirements of very deep
diving. I think the physiologists, by and large, know what they want and
the burden of imaginative planning is now largely transferred to the engi-
neers. As I see it, our basic technique for very deep diving must be de-
veloped on similar lines to that we have already found to be eminently
successful. We want the diver at work under-seas or on the sea bed to be
relatively flexible and mobile, to be free within the environment, to use his
hands for fairly delicate tasks, to be able to swim and move freely over as
wide range as possible and to take maximum advantage of his motor and
sensory eapacity. In other words, we wish to adapt him to the underwater
ambient pressure. We would like to maintain the partial pressure of oxygen
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in his lungs, within a relatively small range of that of the surface. An upper
limit of 2 atmospheres absolute has been suggested; this I think is far too
high. T would put it at 34 atm. abs. Ideally this would mean the introduc-
tion of techniques to provide more-or-less constant oxygen partial pressure
whatever the depth. We must eliminate the inert gas narcosis hazard and
keep the density of the breathing mixture as low as possible; we must en-
surc adequate ventilation, removal of carbon dioxide and an acceptable
environmental temperature. We have gone a long way towards achieving
this with adequate clothing, with oxy-helium mixtures and with the practice
of lowering the man to his working depth in a submersible decompression
chamber. This is the vehicle which takes the diver to his job and lands him
there at the pressure of his surroundings, still warm and dry. He can then
at the end of his combined life and mixture line do whatever is required of
him, returning to the diving bell on completion. He breathes the atmosphere
within the chamber and can be maintained at the depth pressure while he
is brought back to the parent ship and latched onto the already pressurized
working chamber for transfer under pressure to the spacious comfort of
large compartments.

Getting the diver to the bottom and out on to the sea bed is possibly
the least of our worries. Returning him safely to the freedom of the surface
environment is the biggest single problem.

If you read the history of the work which has been done to produce effi-
cient diving schedules, i.e. decompression routines, you will immediately be
aware that practically every single worker has been striving to reduce the
total decompression time to the absolute minimum, in other words to
streamline the timing and just keep the individual within the safety limits.
I am not convinced myself that this is the correct approach and particu-
larly in the deep diving where current decompression routines may take
days rather than hours, we have to think very carefully about the actual
circumstances. The conventional techniques of decompressing divers
with a series of stops increasing in length as the surface is approached is
perhaps a little crude.

None of us know in detail the processes whereby excess inert gas leaves
the tissues and the blood to rejoin the atmosphere. We do not know how
man re-adjusts himself to this normal environment after an excessive and
prolonged pressurization. In our program so far there have been incidents
of decompression sickness, generally speaking mild ones but one at least
where evidence of involvement of the central nervous system was present.
Fortunately all have made complete recoveries but often they were unex-
pected and unaccountable. What is a little worrying, however, and perhaps
the reason for our extreme caution and unwillingness to claim that we have
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the answer, is that although the cases have been mild, so unpredictable is
decompression sickness and so uncertain is the site of its development,
that we can as yet never be absolutely sure that a major disaster might not
oceur, however confident we are in our routines.

Therefore, rather than stremnline to the brink of safety our decompres-
sion schedules, T suggest we should improve and develop the circumstances
in which a diver is decompressed so that he is not distressed by any pro-
longation of {ime. We have accepted the principle that decompression after
deep diving shall be carried out in a decompression chamber in a surface
vessel. T think it is important that we should be generous with the time
allowance at the various stops and perhaps one day introduce a slow and
continuous lowering of pressure along a satisfactory curve so that there
remains throughout the whole period of decompression a constant pressure
difference between the dissolved inert gas in the various tissues and that of
the ambient atmosphere. It is most important therefore that the chamber
used for this prolonged decompression should have the absolute maximum
of comfort. It must have adequate beds, toilets, washing facilities and
arrangements for hot meals and entertainment. It must be a deluxe resi-
dence so that the occupant can spend two or three days there completely
relaxed, happy and interested. Only when this is achieved will we be able
to offer safe and acceptable deep diving.

There i1s a lot we have to lcarn concerning bubble formation in man. I
think too we must ultimately ascertain the ideal activity for the individual
during his long period of decompression. It is for this reason that although
we may applaud progress that has been made in achieving the current
depths and times under water, we would welcome a breathing space in
which we can look more closely, using our present exceptionally worth
while facilitics, into the whole question of excess gas elimination.

Other parts of this volume describe the exciting developments of man
living at the sea bed under pressure. While we in Britain have been con-
centrating on depths and increasing our time at depth, others have been
concentrating on prolonging time first and then increasing the depth.
Sooner or later we must meet when both will have achieved increase in
time and depth. When we meet we shall have two rather different tech-
niques. On the one hand pressurized establishments will be sited on the
sea bed where man will live for weeks under pressure, diving freely as he
wishes. On the other will be the surface vessel with its luxury chamber,
possibly with similar amenities to the sea-bed one, whose divers, instead
of popping out through the hatch to carry out their sea-bed duties, will be
travelling to their site of duty in a submersible decompression chamber
(SDC) and returned to the parent chamber when the task is completed.
These two techniques are complementary and each has its peculiar advan-
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tages. The techniques that 1 have been describing offer a considerable
degree of mobility, in other words, whereas from the sea bed establishment
the divers activity range is limited to the immediate environment, the
surface shipborne chamber and SDC can lower its diver anywhere he may
be required. With this facility he can be moved quite freely from one loca-
tion to another without reduction of pressure.

Here arc two techniques. It is quite possible in the not too distant future
to visualise a third one in which some form of submarine vessel with similar
pressurizable compartments may arise. This is an interesting prospect and
we might see o return to middle depth diving from a mobile submarine
compartment also submerged to an intermediate depth. This at the mo-
ment, however, is a dream, but one which must ultimately be realized.

Onec thing which is apparent from such thoughts must be that all these
techniques need a considerable backing of manpower, expensive equipment
and well qualified scientists. Underwater research has, in our country at any
rate, always been regarded with a certain amount of suspicion and it is
only recently that the potential is being realized. It is too much to ask the
Navy to take full responsibility for progress. It is however essential that
unauthorized organizations should, in the interests of safety, be discouraged
from unrestricted development. It is desirable that some sort of reasoned
safety control should be applied to organizations where commercial gain
or private enthusiasm might lead to unnecessary risk.

In the United States you have devoted a considerable national effort
to the successful exploration in space (though I am intrigued to see that
at least one of your spacemen has been Iured into the underwater world).
Britain has always been a maritime nation and we are proud of our former
achievements on the surface. Today we are equally proud of what we are
achieving under-water. If we are to maintain our momentum in this direc-
tion we will need a greater effort than the Navy alone can provide. My
own personal feeling is (and I must emphasize that the whole of this presen-
tation represents my own thoughts and feeling on this subject and is not
necessarily an authoritative one) that the only way we can maintain our
advantage and progress is by the introduction in our country of a national
underwater research authority. This I feel is greatly needed and would
include not only diving physiology but many other underwater disciplines.
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Recent Underwater Physio-
logical Experiences of the

Japanese Navy

Since the Japanese Maritime Self Defense Force began its efforts in
underwater activity only 10 years ago, we have had few experiences in deep
sea exploration. Our work has been mainly concerned with breath-hold
diving, diving with self-contained underwater breathing apparatus, and
compressed air diving. In tnis paper I shall emphasize our naval diving and
research during the past decade and our studies in the Ama or diving wo-
men.

Evolution of Naval Diving

Not much is actually known about the beginning of diving in the Im-
perial Japanese Navy. Although good work evidently was done at shallow
depths in the early days, very little deep sea diving was done. During the
second World War the Imperial Japanese Navy, stimulated by its success
in disabling ships in harbour, developed a highly efficient organization to
cope with all aspects of underwater warfare and the attendant diving
problems. For example, underwater demolition teams, salvage groups and
varying types of underwater commandos were developed in large numbers.
Since then the efforts of our Maritime Defense Force to increase the scope
and safety of diving in Japan have continued with the instruction and
agsistance of the United States Navy. Major steps in the evolution of the
Japanese diving program were as follows:

In 1956 the training of underwater swimmers in the Maritime Service
School began. There the curriculum was similar to that used by the United
States Navy.

In 1960 a Submarine Rescue Vessel (ASR) was commissioned. This
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ship employs SCUBA divers and surface-supplied divers using air and
helium-oxygen mixtures. It has two double lock recompression chambers
for use in decompression treatment and in personnel selection of divers
and submariners.

In 1961 EOD (Explosive Ordnance Disposal) groups were organized,
each group having about twenty SCUBA divers. Each underwater swimmer
works about 30 hours every month at diving depths between 15-35 meters.
The work involved is mainly search and recovery but breath-hold diving
is also done for inspection or repair. A group of our EOD divers is now
attempting to prolong and extend breath-hold diving. These divers are
given annual check-ups of cardiopulmonary function, including routine
physical examination, chest X-ray, ECG, spirometry, step-up exercise
test, and the ventilatory response to 5% carbon dioxide in air. Using data
derived from these routine physical and physiological examinations, we
have started to study the adaptation to breath-hold diving with particular
emphasis on the role of carbon dioxide in terminating the breath-holding
period.

In 1963 “Buoyant Ascent” escape training was made available to Japa-
nese submariners at the U. S. Navy Escape Training Tank in Pearl Har-
bour. About 300 candidates have passed through this training in the last
three years.

In 1964 two more recompression chambers were built at the Maritime
Service School for training and for treatment of decompression sickness.
We have treated over twenty Naval and civilian divers in these chambers.

From 1964 to 1965 we had an opportunity to study the pulmonary
function of the Ama-TFunado, the breath-holding women divers, at Onjuku
in Japan.

Breath-Hold Diving by the Ama

Last year the first detailed and comprehensive scientific discussion of
problems of the Ama was published (1). I shall here describe briefly our
studies of the adaptation to increased carbon dioxide in the twelve Ama
we have used as physiological subjects.

The subjects in these experiments have been diving for 10 to 20 years,
usually to depths of 15 meters or more. At Onjuku summer is the diving
season. Table 6 lists the experimental procedures used for the measurements
which were made on each subject.

The changes in lung volumes observed are shown in Figure 16. Vital
capacity and forced expiratory volume decreased during the winter lay-off
time but increased during the summer working season.

Figure 17 shows the ventilatory response to carbon dioxide obtained
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TABLE 6
Studics on pulmonary function of Ama at Onjuku, Japan
at Laboratory at Onjuku
1) Spirometry 1) Spirometry

2) FRC, Distribution

3) Exercise Test 2) Exercise Test

4) CO2 Response 3) CO2 Response

fem v s~ 4) Poz patterns

Air COax Inhalation during diving
ﬁ;?;::gt ﬁ;’;},’;tr by micro-electrode

5) Breath holding patterns
by spirometry
6) Breaking point

by exposing subjects for twenty minutes to 5.0% carbon dioxide in air.
The respiratory response during the lay-off time is significantly greater
than that found during the working period.

Figure 18 shows the change in alveolar Po, which was measured by means
of a micro-electrode attached inside the mouthpiece of the subject. The
changes in alveolar Po, and Pco, before and after breath-holding at sea
level and the relationships of breaking point and Po, pattern during diving
are not significantly different from the control values in a healthy adult.

Aclimatization of Ventitatory Function
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Fig. 16. Average changes in ventilatory functions during a year
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Aclimatization of Ventilatory Response
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Fra. 17. Change in ventilatory response to administration of 5%, CO; in air
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Fia. 18. Po; curves during breathholding at sea level and underwater. F. Exp
indicates forced expiration. Water temperature measured 19.4° C.

It is interesting to note in this study that adaptative changes seem to occur
even in those short durations.

Plans for the Future

Our Navy is of course interested in developing its overall program of
diving research. In July of this year a Diving Medical Research Laboratory
will be established at the Yokosuka Hospital. The main facility of this
laboratory is a chamber with a depth capability of twenty-five atmospheres.
The chamber has three rooms, each room large enough for at least three
men and the necessary medical instruments for treatment and research.
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["p to the present time our Medieal Department has performed mainly
personnel sclection for diving and submarine duty, as well as the treatment
of decompression sickness, However, the development of this new facility
will certainly put us in a position to contribute materially to decompression

research.
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THE PROBLEM OF FIRE

7 | JOHN V. HARTER

Fire at High Pressure

The importance of equipment design for fire prevention in manned
chambers under increased pressure became suddenly significant on 16
February 1965 when a fire occurred in a research chamber at the U. S.
Navy Experimental Diving Unit with the resultant loss of two Navy
research divers. The fact that an increased fire hazard does exist at ele-
vated pressure has been apparent to the community of divers and re-
search workers in the field of hyperbaric endeavors for many years, and
chamber fires involving the loss of human lives have occurred at other
times in the past.

Most decompression chambers in use by the United States Navy and
by commercial diving groups never exceed the maximum depth for treat-
ment of bends using standard U.S. Navy treatment tables (165 feet.)
Where these chambers are operated, compressed air is utilized for pres-
surization. Carbon dioxide, generated by the divers, is eliminated by venti-
lating the chamber with air at prescribed intervals. Build up of high con-
centrations of oxygen caused by the use of oxygen inhalators is
also prevented by adequate chamber ventilation.

On 22 March 1945, a fire occurred in a recompression chamber aboard
a Navy diving ship. Two men subsequently died and one was severely
burned. The chamber was at a depth of 40 feet and the subjects were
breathing from oxygen inhalators. The cause of the fire was attributed
to a spark emanating from a ventilation fan. Some of the changes made
in the outfitting of chambers as a result of this fire were: wood grating and
electric fans were removed from all Navy chambers, and flame-proof
covers were required on matiresses. No known research into the mechanics
of fire under pressure was accomplished as a result of this catastrophe.
Apparently it was believed that with adequate attention to prescribed
safety precautions, fires could be prevented, and since the frequency of
fires during the treatment of bends is very low (the above reported fire
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is the only one recorded in the U. S. Navy) this appears to be so. It is
not uncommon, however, to hear personnel, both Navy and civilian, voieing
contempt towards some of the safety precautions, particularly prohibition
of smoking in chambers.

The fire that occurred at the U. 8. Navy Experimental Diving Unit
has special significance, however, due to the presence of an artificial at-
mosphere in the chamber and the resultant inability to ventilate for carbon
dioxide removal without the expenditure of large quantities of mixed gas.
Also of significance is the severity of burning involved, and the speed at
which the fire propagated. The hazard is further complicated by required
research equipment and materials for personal comfort. Investigations
following this fire have indicated, however, that fire of this severity can
oceur in chambers filled with compressed air as well as those filled with
atmospheres of mixed gas.

Recent research towards increased depth capabilities has pointed out the
necd for extended decompression periods in the chamber in lieu of in the
waler. The need for chambers filled with respirable atmospheres of mixed
gas is required because extended periods using an inhalator will cause sore
chest muscles and lungs, tired jaws, and general discomfort. Subjects at
the Experimental Diving Unit on the average tolerate about two to three
hours inhalator time without complaints of discomfort. Since decompres-
sion periods of over thirty hours can be expected for some deeper dives,
the need for respirable atmospheres and general chamber comfort becomes
apparent.

This paper will discuss experiences during a fatal fire and the solutions
found to some of the problems associated with fire prevention in decompres-
sion and/or hyperbarie research chambers. It is also hoped that those
problems that are as yet unsolved will be investigated by others and the
solutions found made known to the diving, diving research and hyperbaric
medicine community.

Description of the Fire

The dive in progress at the U. 8. Navy Experimental Diving Unit on
16 February 1965 was to test the adequacy of a computed decompression
for a depth of 250 feet with a bottom time, including descent, of two hours.

The dive procedure utilized a system that has been practiced at the
Experimental Diving Unit (EDU) for at least three years as an exercise
simulating the use of a submersible decompression chamber with lock-on
capability. The dive proceeded as follows: The subjects entered the wet
compartment from the “igloo” (Fig. 19) with the appropriate breathing
apparatus (MArk VI semi-closed circuit SCUBA that had been modified
to function as a hose-supplicd apparatus). The doors from the igloo to
the upper deck of the building and to the tunnel were closed, and the divers
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RECOMPRESSION
CHAMBER

INNER LOCK

OVERALL DIMENSIONS - 22'HIGH 26' LONG
OUTER LOCK - LENGTH 311" DIA 6-3%"
INNER LOCK --LENGTH 8%11"

TUNNEL -LENGTH 4-103" DIA 3'

IGLOO ~HEIGHT 10'-63" DIA 9'-7"

DIVING TANK - HEIGHT 10'-0"

DESIGN WORKING
PRESSURE 422PSI
OR DEPTH OF94S §
FEET IN SEA WATER

Fia. 19. Facilities for simulating deep diving at U. S. Navy Experimental Diving
Unit.

made their descent to 250 fect where they alternated work periods swim-
ming on a trapeze ergometer and lifting a weight. During the working
period of the dive, topside personnel filled the decompression chamber
with helium and oxygen until the atmosphere was conditioned to a mixture
of 28 percent oxygen, 36 percent nitrogen, and 36 percent helium at a
pressure of 41 pounds per squarc inch. A portable absorption canister
had been placed in the chamber for removal of carbon dioxide. It was
operated for 15 minutes prior to leaving the surface, and continuously
while filling the chamber, to assist in obtaining homogeniety of the gas
mixture. The carbon dioxide absorption canister (scrubber) was designed
for use as an emergency device for submarine atmosphere control and con-
sisted of a tub containing six cylindrical tubes (Fig. 20). One tube, in the
center, contained the fan motor. The outer tubes contained four carbon
dioxide absorbent canisters and one filter element. The filter element had
been manufactured in accordance with military specification Mil-F-550418
for “IMilters and Filter Elements Fluid Pressure, Hydraulic Micronie Type”.

Ascent commenced with the divers in the water. At 92 feet, they trans-
ferred to the decompression chamber and closed the tunnel door. The oxy-
gen percentage in the chamber dropped to 27 percent during the transfer
through the tunnel.

Approximately five minutes after the transfer, the carbon dioxide scrub-
ber was again energized, and 2.5 cubic feet of oxygen were admitted to the
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F1a. 20. Portable carbon dioxide absorption canister destroyed in fire

chamber over a five minute period. The point of introduction was near
the scrubber to provide rapid mixing of the oxygen in the existing atmos-
phere.

One minute and ten seconds after the oxygen had been reported in the
chamber, one of the divers was heard to say “We have a fire in here”.
Two observers at one of the viewing ports observed a column of flame about
“four inches in diameter and two feet high, coming from the carbon dioxide
scrubber” (1). Immediately following the observation, the viewers saw a
flash which engulfed the entire inner lock.

The pressure gauge on the chamber rose to a reading of 260 feet during
the next minute as a rescue was unsuccessfully attempted.

Damage Caused by the Fire

In addition to the deaths involved, considerable damage resulted to
materials in the chamber. (Figs. 214, 21B, and 21C).

Bathrobes, made of untreated cotton terry cloth, were present so the
divers could remove their wet bathing suits and complete their decompres-
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sion modestly in a comfortable garment. These bathrobes were totally
consumed.

Two untreated cotton mattresses, covered with standard Navy sub-
marine-type flame-proof mattress covers, were in the chamber. The mat-
tress covers were manufactured in accordance with the Bureau of Ships
Drawing S3306-94306 and Military Specification Mil-C-15104C “Cloth,
Coated, Tire Resistant, Berth and Bedding Cover”. The covers burned
through with holes of about 12 inches in diameter, and the mattress tufting
was extensively charred. The localized failure of the mattress covers could
have been due to the presence of bare spots in the protective coating as a
result of their partially worn condition. No blankets or pillows were present
in the chamber.

The air conditioning system contained four flexible ducts of about three
feet in length each. These ducts were made of fabric covered spiral wire
and the fabric was totally consumed.

The installed chamber electrical system utilized standard shipboard-
type armored cables for eircuits providing light, communications, power to

Fig. 214. View of inner lock of decompression chamber number 6 prior to fire
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Fie. 21B. View of inner lock of decompression chamber number 6 following fire

air conditioning fan motors and receptacles. The portable scrubber had an
unarmored rubber cord that burned about five feet of its length. The rubber
insulation of the armor-covered cables directly above the carbon dioxide
scrubber melted and burned. Damaged insulation was also found on cables
removed from the source of the flame.

The interior of the chamber was coated with enamel paint, however,
this coating did not burn during the fire. Damage to the painted surface
was limited to a patch approximately one foot square above the carbon
dioxide scrubber (where the heat was most intense). The reason for non-
combustion of the paint and its implications will be discussed at length
later in this paper.

Eight oxygen inhalators, consisting of rubber face masks and corrugated
rubber tubing with stockingnet covering, were also consumed. They were
located on the same side of the chamber as the carbon dioxide scrubber.

A galvanized zinc bucket half full of water was in the chamber for as-
sistance in extinguishing a fire. This bucket was located near the scrubber
and was damaged due to melting of the zine coating above the water level.
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Fic. 21C. View of interior decompression chamber number 6 following fire

A stuffing tube for the air conditioning temperature sensing element was
located in the chamber wall above the carbon dioxide scrubber. The pack-
ing in this tube burned out and allowed the escape of gas.

A regulator, containing plastic inserts, had been placed in one of the
chamber exhaust lines for control of constant-rate-of-ascent experiments.
These inserts burned out and caused additional release of gas from the
chamber.

Reading material and toilet paper also present in the chamber were
totally consumed.

Cause of the Fire

The cause of the fire could have been one of the following: open flame
ignition, static electricity, adiabatic compression, electric arc, or localized
heat source.

Open flame ignition is listed in order to note that supervisory personnel
had ascertained that no matches, lighters, or cigarettes were in the chamber
prior to the dive. Therefore, this potential cause can be dismissed.
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A static spark occurs when the electric potential between two electri-
cally discontinuous bodies becomes sufficient to bridge the gap between
them. The gap in this case is the chamber atmosphere and serves as the
insulation between the charged bodies. The energy required to bridge the
gap varies directly with the relative humidity. In the case of combustible
atmospheres, ¢.g. methane-air mixtures, static energy release can be suffi-
cient for ignition. In a chamber containing an increased partial pressure
of oxygen, the ignition temperature of flammable materials is lowered
and the energy of an electrostatic spark can cause these materials to burn.
The air conditioning system in our chamber maintained a low moisture
atmosphere which, with an increased partial pressure of oxygen and flam-
mable materials, could have presented an ignition hazard.

A buildup of static charge would have required movement of the sub-
jeets and subsequent friction between electrically discontinuous bodies,
such as the bathrobes and the mattress. Upon entering the chamber, one
of the subjects lay down on the bunk and the other subject lay down on the
mattress on deck. One minute prior to the report of the fire, the subject
on the bunk was observed to sit up and pour a glass of water (1). The
relative inactivity and time delay between the last reported movement of
one of the divers and the fire ignition precludes the buildup of a large static
charge as the cause of ignition.

Adiabatie compression or shock-wave compression is considered due to
the introduction of oxygen into the chamber just prior to the fire. The
explosion of oil or other hydrocarbon material in the reducing or isolation
valves of oxygen cylinders is a prime example of ignition by adiabatic
compression. Explosions of this nature have been reported (2). It is caused
by the heat associated with very rapid compression as the valve is opened
and poses as a continuing danger and cause for care in the use of oxygen
equipment. With a compression ratio of 100:1 a temperature of 1250° F.
can be expected in a valve (3). Ball valves, which allow a very rapid open-
ing, and therefore rapid compression across the valve, should not be used
in oxygen systems because of this action. The oxygen had been introduced
into the chamber at a slow rate (25 cubic feet in five minutes). Any igni-
tion due to an adiabatic compression would have taken place during the
initial opening of the valve and would have had to propagate through the
oxygen line into the chamber. In view of the time between start of oxygen
introduction and start of the fire, ignition is considered improbable by
adiabatic compression.

The four air conditioning fan motors were UL approved, explosion-proof
motors. These four motors were not damaged by the fire, however, and
none of them were in the vicinity of the carbon dioxide scrubber.

The scrubber motor, on the other hand, was not manufactured to ex-
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plosion-proof standards, and therefore could have caused the ignition of
surrounding material, particularly in view of the possible high concentra-
tion of oxygen in the vicinity of the scrubber due to the previous introduc-
tion of oxygen into the chamber.

The Investigating Board determined that the fire was initiated by a
localized heat source in the serubber motor. This determination was made
following a bench test of the motor, which revealed that, when energized,
it ran at a reduced speed and rapidly overheated. This condition was
caused by faulty operation of the centrifugal throw-out switch which re-
sulted in the motor running on the starting windings. A used filter, manu-
factured to the same specification as the one involved in the fire was tested
by the Naval Research Laboratory. An unused filter drawn from stock was
also tested. The units were constructed in the form of convoluted cylinders
of paper, impregnated with a phenol-formaldehyde (bakelite) like resin
for stiffening purposes, and a kerosene-like liquid. Further investigation
determined that the primary use for this filter was in hydraulic systems
and in the fuel systems of jet aircraft. “It is common practice to test every
single filter element by immersion in an organic liquid and, while submerged,
blowing air through it to see if flaws exist at the seals of the paper. A hy-
draulic fluid is commonly used for this purpose which is essentially a heavy
kerosene thickened with an acryloid ester polymer and containing other
additives” (4).

The filter in the scrubber was in proximity to the motor but separated
by a metal shield. The flow of gas through the scrubber was down through
the absorbent cans and up and out through the filter unit. In view of the
improper operation and overheating of the scrubber motor during testing,
the volatility of the filter element, and the observation of the flame coming
from the filter prior to total envelopment of the chamber, the most probable
cause of fire was an overheated scrubber motor causing spontaneous ig-
nition of the filter element in a high-oxygen atmosphere.

The very rapid propagation of the fire can be termed a ‘“thermal explo-
sion”. A thermal explosion has been defined (5) as an explosion in which
the material reacts exothermally to produce heat at a faster rate than heat
is lost by conduction, convection, and radiation.

A simplified caleulation based on adiabatic conditions was accomplished
by personnel of the Naval Research Laboratory. It was reported that
“in order to reach a depth of 270 feet at the time of the fire, a temperature
rise of 405° C. (761°1".) would have occurred. In order to reach such a
temperature, only about 500 grams of cellulosic material (i.e. cotton)
would have to be burned (6).

Another indicator of the intensity of the heat is given by the condition
of the water bucket that was in the chamber. The galvanized zinc coating
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above the water line melted off the bucket, and since zinc melts at 787° F.
and some heat would have been drawn off by the water, local temperatures
must have been considerably above this figure.

The change of the character of the fire from a source to a thermal ex-
plosion was too rapid for any fire fighting action to take place by the oc-
cupants of the chamber. This rapid propagation was fed by the cotton terry
cloth bathrobes, mattresses, electrical insulation and other flammable
material in the chamber. It is felt by personnel at the Experimental Diving
Unit that time would have been available for one action in response to the
fire deteetion and any hesitancy in decision would have resulted in a fatal
fire. Even if one of the occupants had been able to reach the water bucket
(which was located next to the scrubber) and throw it on the scrubber,
the chances of extinguishment are doubtful. For this reason, an adequate
rapid detection and response fire extinguishing system must be developed
for use in manned chambers.

Effects of Increased Oxygen Partial Pressures and Varying Inert
Gas on Flammability

The effects on flammability associated with increased partial pressures
of oxygen and varying inert gas have been only briefly investigated in the
past. Intuitively, it is reasonable to expect increased combustion rates
with increased oxygen. The effects of increase in inert gas, however, and
variation of type of inert gas have not been adequately studied to date.
Also the containment of a fire in a chamber causes an effect due to heat
reflection from the chamber surfaces, as well as heat absorption by the
chamber walls.

In 1931, Naylor and Wheeler (7) found that the ignition temperatures
of methane-oxygen mixtures with inert gas were lower in a 440 cc vessel
than in a smaller 48 cc vessel. In 1959, Coleman (8) found that the burning
time of white unbleached cotton drill specimens in a Perspex pressure
vessel 24 inches high and 5.5 inches bore was less than the burning time in
free air. The time was slightly less in stationary mixtures than in a current
of enriched air. Coleman suggested that the effect is associated with cooling
effects of convection currents and the reflection of heat back on the speci-
men from the surface of the Perspex cylinder. This conclusion would in-
dicate that ignition in a larger vessel should result in higher ignition tem-
peratures and slower burning rates. The apparent contradiction with the
work of Naylor and Wheeler exemplifies the state of knowledge today con-
cerning the phenomenon of ignition and combustion in closed atmospheres.

Naylor and Wheeler also found that the heat developed by combustion
in a chamber is in part absorbed by the inert gas present and therefore
the total amount of heat acquired by the reacting gases depends upon the
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thermal properties of the inert gas. They found that replacing nitrogen
with helium, of higher thermal conductivity, in nitrogen-methane-air
mixtures raises the ignition temperature of the gas, and that replacing the
nitrogen with argon which has a low specific heat and a low thermal con-
ductivity, lowers the ignition temperature. The loss of heat to the walls
of the reaction vessel in unit-time is considerably greater when helium is
present. ‘“The acceleration of the reactions is therefore checked by the
presence of helium, and a higher initial temperature is required to enable
them to acquire sufficient speed to produce flame’” (7). The cffects found
by Naylor and Wheeler are illustrated in Figures 22 and 23.

k¥ Johnson and Woods (9) found that a longer ignition delay resulted when
terry-cloth specimens were ignited in atmospheres where nitrogen had been
replaced with helium. Another contradiction was noted, however, in their
work. They found that although the delay in ignition of both filter paper
and terry-cloth was increased when nitrogen had been replaced with helium,
the burning rate of the filter paper increased while the burning rate of the
terry-cloth decreased.

Union Carbide Research Laboratory, Linde Division, found in a recent
study (10) that difficulty was experienced in getting samples to ignite in
helium atmospheres, even when the oxygen concentration was as high as
29%. There was a definite increase in combustion rate once ignition had
been accomplished in atmospheres containing increased partial pressures
of both oxygen and helium.
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Fic. 22. Ignition temperatures of methane in air mixtures tested in large and
small vessels. (After Naylor and Wheeler, et al (7).)
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Fra. 23. Ignition temperatures of methane-oxygen and inert gas mixtures. (After
Naylor and Wheeler, et al (7).)

The most astonishing phenomenon found to date is shown in Figure 24.
The rate of combustion of filter paper increases very rapidly when the
pressure is increased and the percentages of oxygen, nitrogen and helium
arc maintained constant. The rate peaks at a depth of 100 feet, falls off,
and begins to rise again at 250 feet. A suggested explanation given by the
Laboratory was that the rate of combustion is a different function of the
oxygen concentration than the rate of retardation is of the helium concen-
tration. The experiments conducted were only preliminary in nature, have
not been repeated, and arc therefore unconfirmed.

Coleman found that doubling the oxygen concentration from 21 % to 42 %
by enrichment produces a much greater effect than increasing the oxygen
by doubling the air depth to two atmospheres. The variation is believed
to be caused by the increase in dilution by nitrogen in the case of com-
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F1a. 24. Preliminary test results (unrepeated) of combustion in a helium-rich
atmosphere of filter paper in vertical position, humid atmosphere. (By permission
of Linde Research Laboratory (10).)

pressing the air to two atmospheres, and the decrease in nitrogen with oxy-
gen enrichment (See Fig. 25).

These findings lead to the following conclusions:

1) Increasing pressure while maintaining the same percentage of oxygen
and inert gas increases the flammability of materials, and that this is due
to the affect of increased oxygen being greater than the diluent effect of
the inert gas present.

2) Changing the inert gas causes a decrease in ignition delay (lower
ignition temperature) with inert gases of lower thermal conductivity and
an increase in the ignition delay (higher ignition temperature) with inert
gases of higher thermal conductivity.

3) The burning rate of materials is not consistent with the ignition delay.

4) The design of the test chamber will influence the results of ignition
and combustion tests.
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(After Colemen, et al (8).)

5) The composition of artificial atmospheres should be selected with
consideration of the fire hazard involved as well as its effect on decompres-
sion. An increase in decompression time caused by lowered oxygen partial
pressures should be accepted to reduce a dangerous fire hazard.

Resultant Approach to Design of Chamber Components and
Operation to Reduce Fire Hazard

As a result of the fire, an approach was established for refitting the cham-
bers that, if completely carried out, would result in a chamber outfitted
in such & manner that a fire could not possibly start or propagate. This
approach to the chamber outfitting consists of four basic elements:

1) Eliminate all sources of ignition.

2) Eliminate all lammable materials.

3) Utilize reduced oxygen partial pressures in the chamber whenever
the experiment in progress permits.

4) Provide adequate fire extinguishment.

It is apparent that if items 1 and 2 are carried to 100 % completion, there
is no need for items 3 and 4. However, the four elements above cannot be
carried to 100 % completion, and items 3 and 4 must therefore be utilized
as an added safety measurc. Where the above criteria cannot be met,
due to non-availability of materials or equipment to meet the requirements,
or due to particular demands placed on the chamber operations that pre-
clude the use of such materials, the eontribution of substitutes to the fire
hazard must be weighed in the light of the total chamber system and not
as individual components.
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Sources of ignition for space cabin applications have been categorized as
follows (5):

1) Electrical

a) electrostatic
b) induction (break) sparks
2) Hot Surfaces
a) frictional or impact sparks
b) heated walls, surfaces or wires
¢) heating by high shear rates
d) plastic deformation of sharp points

3) Hypergolic Ignition

A detailed description of the physical phenomenon of these ignition
sources may be found in the referenced literature and will not be discussed
at length here. All of the items listed, except heated gases by shock waves
and hypergolic ignition, are causes of ignition applicable to decompression
chambers.

Electrical sources are considered the most severe due to the large amount
of energy available for conversion to heat in the event of arcing or over-
heating of electrical machines or circuits. Elimination of all electrical
components from the chamber should be accomplished where possible.
Where electrical components must be used they should be designed and
tested to insure that they are explosion proof in enriched oxygen and high
pressure atmospheres. Note however, that this does not guarantec that a
machine will not overheat and cause combustion. The scrubber involved
in this fire had been used during other dives with no previous malfunction.
Had the machine been explosion proof, overheating could just as well
resulted.

Hot surface ignition can be prevented by insuring that personnel inside
a chamber do not hammer on steel surfaces, unless it is with a spark-proof
hammer. Heating by high shear rates and plastic deformation of sharp
points could occur in failure of an instrument or machine bearing, or if
some other mechanical interference is present in rotating or sliding contact
equipment. An example of this would be heat generated by an improperly
cooled “prony brake” on a bicycle ergometer or similar device.

Elimination of all flammable material from a chamber is impossible if
human subjects or animals are required for the experiment in progress,
since animal tissue will burn. The requirement for human subjects is
acknowledged, and the problem evolves to choosing a fabric which when
made into clothing will be non-combustible and comfortable to wear. In
our efforts to find suitable materials, tests of various fire-retardant fabrics
have been conducted. Samples of filter paper, untreated cotton terrycloth
and terrycloth that had been treated with tetrakis (hydroxmethyl) phos-
phonium chloride, (HOCH,),PCl were tested by the Naval Research Lab-
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oratory in five different atmospheres and at pressures up to 75 psi abs. (9).
The samples were originally supported horizontally and ignited by an elec-
trically heated nichrome wire coil in contact with the sample strips. Later
tests were also accomplished with the sample strips in a vertical position.
The tests were conducted at pressures less than 75 psi abs. due to the limi-
tations of the available pressure vessel. The results are given in Tables 7
and 8. The following generalizations were made from these tests (9):

1) It was more difficult to ignite these materials in helium-oxygen than

TABLE 7

Combustion of Filter Paper and Terry Cloth in Various Atmospheres of Ozygen,
Nilrogen and Helium

MATERIAL
TREATED TERRY
PAPER Terry CrLoTH
ATMOSPHERES }(’:;:Isig:? _ Crore
IoNI- | Burn | IoNI- | Burn IoNI- Burn
TION | RATE TION RATE TION RATE
DEeLaY | (cM./ | DELAY | (cM./ DEeLAY (em./
(sEc.) | SEcC. (SEC.) | SEC.) (sEc.) SEC.)
799, N-219, O, 15 6.510.23] 8.4]0.20 NI NI
30 6.0|0.28| 6.6 0.61 NI NI
45 72028 — — NI NI
60 6.0(0.35| 4.8 1.17 N1 NI
75 481030 4908 5.0 0.03*
79% He-21%, O, 15 NI | NI | — | — — —
30 NI | NI — — — —
45 NI NI — — — —
60 NI | NI — — — —
75 18.0 [ 0.48 | 18.0 | 0.40 NI NI
699% N.-319, O, 15 6.0 043 8.4 1.67 | 18.0** **
30 561045 | 52157 | 7.2 0.23
699% He-319% O, 15 17.0 |1 0.76 | 22.5 | 1.27 NI NI
30 14.310.69 | 27.0 | 1.02 NI NI
60 — — — — NI NI
75 — — — — b 0.05
34.59% N.-34.59, He-319%, O, 15 10.2 | 0.61 | 10.8 | 0.94 NI NI
30 11.1 | 0.67 | 10.2 | 1.70 NI NI
45 — — — — 9.0 0.38

* Flamed momentarily, then smoldered for entire length of cloth strip.
** Did not flame, but smoldered for entire length of cloth strip.
NI Denotes no ignition under the test conditions.
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TABLE 8

Combustion of Terry Cloth, Pre-treated for Fire Reststance, when Held Horizontully
or Verltically

TREATED TERRY CLOTH
ATMOSPHERES l()lfsﬁsﬁ';:f Hor1zONTAL POSITION | VERTICAL POSITION
IGNITION Buzrn IGNITION Burn
DEeLay RATE DEeLay RATE
(sEc.) |(cm./sEc.) (sEc.) |(cM./SEC.)
79% N:-219%, O, 15 NI NI NI NI
30 NI NI 9.6 i
45 NI NI 7.2 0.13*
60 NI NI 6.6 0.31*
75 5.0 0.03* — —
79% He-219%, O, 75 NI NI t b3
69% N,-31% O, 15 18.0 *x b i
30 7.2 0.23 6.3 2.61
699% He-31%, O: 15 NI NI — —
30 NI Ni — —
60 NI NI — —
75 *k 0.05 *k *k
34.59, N;-34.59, He-31% O, 15 NI NI — —
30 NI NI ** **
45 9.0 0.38 7.2 2.54

1 Burned or charred about one-half length of test strip.

* Flamed momentarily, then smoldered for entire length of cloth strip.
** Did not flame, but smoldered for entire length of cloth strip.
NI Denotes no ignition under the test conditions.

in nitrogen/oxygen atmospheres. However, in many cases the burning
rate was faster in helium/oxygen.

2) The untreated terrycloth ignited and burned under all conditions
listed. Its burning rate was usually much faster than the paper.

3) The treated terrycloth was much more resistant to burning than the
untreated cloth. However, it should be noted that even in air at 75 psi abs.,
the treated terrycloth ignited quickly, flamed up, and then continued to
smolder for its entire length. In 31 % oxygen diluted with nitrogen at only
30 psi abs., the treated cloth ignited readily and burned briskly with a
flame for its entire length. Dilution with helium increased the resistance to
ignition and burning, but 31% oxygen in the helium/nitrogen mixture
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caused the treated terrycloth to ignite and burn readily at a pressure of
45 pst abs.

Furthermore, the following conclusion was made during the study—
... the treated terrycloth cannot be recommended for use in atmospheres
at pressures higher than atmospherie, or atmospheres enriched in oxygen
(i.e. greater than 21 % oxygen)” (9). From this and other published data,
it appears that attempts to treat cotton cloth to provide fire resistance have
not, resulted in materials safe for use in atmospheres at higher pressures
and/or higher oxygen content.

Later tests were conducted by Johnson and Woods on samples (provided
by the Experimental Diving Unit) of materials suggested for use in cham-
bers. The flame resistance of these materials at one atmosphere pressure
and 21, 31, and 41 percent oxygen are given in Table 9 (11).

TABLE 9
Flame Resistance of Materials at One Atmosphere Pressure
CoMBUSTION IN Q2/N: MIXTURE
NRL
SAMPLE MATERIAL Form PERCENT OXYGEN
NUMBER
21% 31% 41%
¥FTM-1 | Resin impregnated paper | Filter Burned — —
FTM-3 | Cotton terry cloth Robe Burned —_— —_
FTM-4 | Roxel-treated cotton terry| Robe No No Burned
cloth
FTM-5 | Roxel-treated fleece-| Sweat pants | Surface | Burned | Burned
backed cotton only
FTM-6 | Fire resistant cotton tick-| Mattress No Burned —
ing cover
FTM-7 | Fire resistant foam rubber | Mattress No No Burned
padding
FTM-8 | Viton Rubber No Burned —
sheeting
FTM-9 | Nomex nylon Cloth No Burned —
FTM-10 | Teflon Cloth No No No
FTM-14 | Roxel-treated O.D. sateen| Cloth No Burned —
FTM-19 | Verel Cloth No Burned | Burned
FTM-22 | Vinyl-backed cloth Mattress No Burned | Burned
cover
FTM-23 | Omni coated Du Pont high| Cloth No Burned* | Burned
temp.
FTM-24 | Omni coated glass Cloth No No Burned*
FTM-20 | Glass Cloth No No No
FTM-27 | Aluminized asbestos, like | Cloth No No Burned
NASA space suits

* Burned only over the ignitor.
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A glass cloth tested by the Naval Research Laboratory, and fabricated
of very small-diameter filaments, has been found to be non-irritating to
human skin in wearing tests conducted at the NASA Manned Space Center.

As a result of these tests, we have concluded that materials for use in
chambers must be non-combustible, c.g. glass, teflon, or ashestos, and that
treatment with fire-retardant chemicals is not satisfactory.

An adequate substitute for rubber is urgently needed. Rubber products
arc a major source of flammable material in the chamber: electrical insula-
tion, hoses, and door and window gaskets. The hazard of permanently in-
stalled electrical insulation can be reduced by shrinking a teflon jacket
around the wires and using adequate conduiting. Non-permanent wiring,
however, such as instrumentation leads, poses a continuing problem. In a
fire at the space simulator at the U. S. Air Force School of Aerospace Medi-
cine, Brooks AFB in 1962, polyvinyl plastic insulation on wiring served as
the major source of fuel (5). Another fire in an altitude chamber in 1962
at the Air Crew Equipment Laboratory of the Naval Air Engineering
Center, Philadelphia, Pa., also found electrical insulation to be a major
fuel. Although these fires did not occur under increased pressures, they
occurred in atmospheres of increased oxygen partial pressures and further
illustrate the need for nonflammable clectrical insulation.

Viton rubber has been considered as a possible substitute for standard
insulation. Tests by the Naval Research Laboratory found that Viton will
not burn in air, but will burn at atmospheric pressure in 31 % oxygen (11).
As an interim, it has been suggested by Denison (12) that glass or ceramic
fish spine beads be strung over wiring to provide a heat shield.

In the fire at the Experimental Diving Unit, no damage was done to the
rubber port scals, except some charring of the edge of the inside gasket.
During a recent overhaul of the chambers, the inside gaskets were replaced
with an asbestos material, but the outside gasket which actually forms the
gas seal was left as neoprene rubber. The design of the port retaining rings
is such that no open flame can reach the rubber gasket and the thick cham-
ber walls will conduct heat away from the area. The door gaskets could
possibly be reached by an open flame. However, due to the shielding effect
of the door and knife edge and the heat conduction of the steel, such a
possibility is very remote and would only occur in the event of a completely
flaming chamber.

Inhalators are required in decompression chambers for administration
of mixed breathing gases and oxygen for use in decompression and bends
treatment. The presently used inhalators are manufactured to Military
Specification MIL-1-15379B (SHIPS) “Inhalator, Divers, FFor Administer-
ing Helium Oxygen During Decompression”. The inhalators are molded
rubber and the respiratory hoses are reinforced corrugated rubber, with a
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stockingnet covering, Both will burn in air at atmospheric pressure and are a
major source of flammable material in our chambers.

Small bore tubing is required in the chamber for such things as gas sam-
pling and gas injection. Teflon is used for this purpose and is non-combusti-
ble. Bearings on air conditioning fans, secrubber blowers, hatch dogs, and
divers’ stage hoist are lubricated with fluorocarbon oil and greases manufac-
tured by the Hooker Chemical Corp. Some instruments that require a lub-
ricant may also be required in the chamber at various times.

So called “fire-retardant” paint, manufactured in accordance with Mili-
tary Specifications, will burn in atmospheres of increased oxygen. However,
in tests performed at EDU, it was found that while these fire retardant
paints would burn when placed on thin sheet metal, they could not be ig-
nited in air at atmospheric pressures even when a butane torch flame was
applied to the surface. It is acknowledged that when placed in an oxygen
atmosphere this may not be the case. Ignition tests of a painted surface
in a chamber, containing increased partial pressures of oxygen will be
undertaken. No fire is anticipated, however, since enamel paint did not
ignite during the fatal blaze. The reason for this and for the inability to
ignite paint in the chamber with a butane torch is that the paint is applied
to 214 inch thick steel. Even localized application of heat is rapidly con-
ducted away from the source, thereby preventing ignition temperatures
from being reached. In the case of the thin plate, a large heat sink is not
available and the surface of the plate is rapidly heated to ignition tempera-
ture.

Denison also found that fireproof paints made to Admiralty specification
did not burn in air or 100 % oxygen when allowed to dry on 34 inch sheet
steel. A suggested alternate to painted surfaces is protecting exposed steel
with a non-flammable cover, such as zine spray (12).

Some Problems Already Solved

Protective coating of the chamber interior is being accomplished at
EDU using one coat of high-temperature aluminum paint and two thin
coats of fire-retardant white paint. The preparation of the surface of the
chamber walls to receive the aluminum paint requires careful attention to
insure removal of rust prior to its application to preclude any chance of a
thermite reaction between iron oxide and aluminum when struck with a
metal striker. This potential hazard has been discussed for flammable
gases at atmospheric pressure (13). The conclusions in the report indicated
that the hazard of sparks with aluminum paint on rusty iron represent a
modified degree of the more general hazard which may arise if aluminum
metal and iron oxide in close contact are raised in temperature by a sudden
blow (similar to thermite welding process).

No more than two thin coats of the fire-retardant white should be placed
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over the aluminum paint, since a thick paint film will reduce the rate of
heat transfer to the steel.

The installed air conditioning system has been modified to provide cpera-
tion without the use of electric motors in the chamber, and the carbon
dioxide scrubber has been incorporated into the system. This system uti-
lizes chilled (or heated) water from an external refrigeration plant (or
hot water heater). The water is piped into the chamber where it exchanges
heat with the chamber atmosphere and condenses water vapor on the chilled
water cooling coils. Prior to returning to the exterior system, the water
passes through five water turbine motors which are magnetically coupled
to fans for air circulation. By being magnetically coupled, no shaft pene-
tration is necessary from the water turbine and the chilled water system
operates unaffected by chamber pressure. Four of the installed fans are used
to circulate the atmosphere across the cooling coils and one fan is used to
draw the atmosphere through the carbon dioxide scrubber. This system is
used for both heating and cooling the chamber.

A new electrical system is presently being designed for the chambers.
It will provide for lighting, 220 volt, and 110 volt power outlets, communi-
cations and instrumentation jacks. The lights to be installed were designed
for use as navigational side lights on deep diving submarines, and as such,
provide a hermetically scaled unit that has been tested to pressures exceed-
ing the test pressure of our chambers. The only permanent wiring will
consist of the cabling for the lights and that cabling necessary to reach from
the hull penetration to the receptacle box. All installed cabling will have a
teflon jacket and will be installed in closed conduit. All power and light
circuits will be grounded.

The hull penetration fittings will pass 65 separate wires into the chambers
by means of pin connecctors. The bulk of these pins will be used for instru-
mentation outlets. All power and instrument receptacles will be located in a
single junction box to climinate the need for additional permanently in-
stalled wiring. Outside the chamber the cabling will divide into two bundles,
one for power and one for instrumentation. The power circuits will termi-
nate at a control pancl at the chamber operators station. Iach separate
lighting and power circuit will be fused to lowest amperage possible for
proper operation of the equipment on the circuit. External instrumentation,
amplifiers, and/or recorders that are monitoring an instrument inside the
chamber will receive their power from the same source as the chamber
circuits. In the event of a casualty one master switch at the operators panel
will isolate all power to the chamber. The instrumentation and power
circuits will be available in the inner-lock, igloo and wet pot to allow flexi-
bility in the use of the chamber system when monitoring pulmonary func-
tions, EKG, EEG, pressure, flow, volume or other electrical measurement.

The plug and receptacles inside the chamber will be of explosion-proof
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design. The power receptacles are necessary in our chambers for operation
of equipment such as the mechanical respirator which is used to test life-
support ecquipment under pressure. It is not expected that electric machines
will be operated in the chamber when occupied by subjects. However, in
the event that n future requirement makes this necessary, liquid filled or
inert-gus filled machines will be investigated and should be utilized if at all
possible.

An cleetrie hoist had been present in the igloo for raising and lowering
the divers’ stage and the wet pot hatch. This hoist has been replaced with a
pneumatic hoist lubricated with Flurolube.

Three glass mattresses have been constructed by the Pittsburgh Plate
Glass Company for use in the chambers. The construction of all three vary
as does their comfort and relative flammability. Tests will be conducted
on these matiresses in oxygen enriched atmospheres. At present the sub-
marine-lype flame-proof mattress cover is being used in conjunction with
these mattresses to prevent skin irritation. A substitute for the submarine-
type mattress cover will be developed.

Provision of Adequate Fire Extinguishment

An adequate fire extinguishing system for use in a decompression chamber
is one that detects ignition and extinguishes the flame prior to a thermal
explosion, and accomplishes this without adding toxic materials to the
chamber. Beeause of the short period of time between ignition and a thermal
explosion, an automatic systen is considered necessary.

Required fire fighting equipment for use in U. 8. Navy decompression
chambers consists of one bucket of water and one of sand. Until a more
adequate system is available, these agents should continue to be placed
in chambers. The limitations of such equipment are obvious.

To provide a system with acceptable response to fire ignition a flame
detector with almost instantaneous response is required. Most flame de-
tectors arc of the infrared or ultraviolet type (5). The infrared detectors
distinguish between the pulsating emission pattern characteristic of a
flame and smoother infrared emission patterns associated with other radia-
tion sources. Detection and warning are almost instantaneous with the
outbreak of a flame.

An ultraviolet-type fire detector has been developed (14) that distin-
guishes between the ultraviolet radiation from a flame and random radia-
tion from the sun. Tt does not respond to overheat conditions, nor is it
affected by ambient temperature or residual radiation and is insensitive to
infrared and visible light. Other detectors are heat detectors, smoke and
carbon monoxide detectors, vapor detectors and pressure detectors. These
are used in special locations such as ventilators and would not be applica-
ble to mounting in a chamber. The development and acceptance of an
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ultraviolet-type detector for use under increased pressure will result in an
adequate detector with almost instantaneous response. This detector can
then be used to automatically actuate the fire extinguishing agent and to
deactivate all electrical power to the chamber.

Water spray, aqueous foam, dry sodium bicarbonate powder, carbon
dioxide, inert gas and volatile organic halides are extinguishing agents in
use today. Of these, only the water spray system is known by the author
to have been tested in a hyperbaric chamber. These tests were conducted
at the Hospital of the Good Samaritan in Los Angeles using an overhead
spray installation.

Tests were limited to low chamber air pressures and produced only
partially satisfactory results. The use of water spray in atmospheres of
increased oxygen partial pressures and depths beyond 150 feet requires
study to determine its effectiveness as a fire extinguishing agent.

The use of aqueous foam and dry sodium bicarbonate warrant investiga-
tion as chamber fire extinguishing agents. Volatile organic halides produce
toxic and corrosive effects that preclude their use in closed atmospheres.
The addition of an inert gas to reduce the oxygen content in the chamber
below a combustible level is possible but involves large volumes of gas
and an extended admission time as well as complications of chamber depth
control.

TUntil an adequate fire extinguishing system is developed, the use of high
pressure carbon dioxide extinguishers or portable high pressure water
cylinders with nozzles for direct application of water on the flame should
be used in conjunction with or in place of the presently required water
bucket and sand. High pressure carbon dioxide cylinders are commercially
available. Their use must be coupled with the rapid donning of a breathing
apparatus to prevent suffocation. Extinguishment of the fire is of primary
concern, however, and in event of suffocation a rescue could be made if the
fire has been eliminated.

Portable high pressure water ¢ylinders should be installed in chambers
as soon as their availability is determined.

Items Under Investigation or to be Investigated

Trire-retardant Roxel treated bathrobes arc presently being used during
decompression. A glass cloth outer garment is being used by race car drivers
for fire protection (15). The National Aeronautics and Space Administration
is testing a glass cloth undergarment that reportedly (11) has been used
for 30 days with no signs of skin irritation experienced by the wearer.
Bathrobes and mattress covers of a similar fabric are being manufactured
by the Owens-Corning TFiberglass Company and Fyrepel Company for
testing at EDU.

Many problems are still unsolved. Development of lightweight inhalators
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and respiratory hoses of fireproof construction is required. A glass fabric
covering over the corrugated hoses may prove to be an interim solution.
Non-flammable electrical insulation is required for interior wiring including
instrumentation leads. Non-fluinmable hoses of various diameter are re-
quired for uses such as sampling atmospheres, injecting gases into an ap-
paratus or channelling expired gas to spirometers. Fire-resistant thermal
insulation is required for installed air conditioning piping.

Tlectrical machinery should be tested to determine its potential hazards.
Items such as switches and receptacles should be designed to meet require-
nients for hazardous locations. Most presently acceptable explosion-proof
equipment is very large, and can become unworkable in a research chamber
having requirements for many circuits for instrumentation purposes.
Refined design is required.

An investigation sponsored by the Office of Naval Research is commenc-
ing at a commercial laboratory to study the flammability hazards of at-
mospheres of a wide spectrum of oxygen partial pressures with selected
inert gases. This study will provide basic information of the hazards in-
volved in various atmospheres at depths to 1000 feet, and will provide the
knowledge required to choose the safest atmosphere within physiological
limitations.

Conclusions

The fire at the Experimental Diving Unit has brought increased emphasis
on the fire hazards in hyperbaric chambers and prompted study of this
subject, both in the Navy and in civilian institutions.

The information given in this paper clearly points out that the hazard
of fire in decompression chambers, both with artificial atmospheres and
with eompressed air, is increased with increasing pressure, and the flamma-
ble cffect of increased partial pressures of oxygen predominates over the
quenching effect of increased partial pressures of inert gas. Ignition in
compressed air is expected 1o be more rapid than in helium-oxygen atmos-
pheres of the same oxygen partial pressure, but in some cases the burning
rate will be greater in the helium atmosphere than in the nitrogen (air)
atmosphere.

Adequate fire prevention and protection is a problem that requires re-
scarch and study to provide the community of divers, researchers, and
hyperbarie chamber operators at medical facilities with clear knowledge
of the hazards associated with their work and the means to reduce or
eliminate them. Material selection to eliminate flammable equipment is at
best a grasp at presently available equipment and materials, and is only a
prelude to necessary research into the development of nonflammable ma-
terials for a variety of applications. A program of selection, testing and
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culling of available materials should be undertaken, and where no imme-
diate solution is found, appropriate development should be initiated.

Fire extinguishing systems must be designed for operation at increased
pressures. The known fire extinguishing agents should all be selectively
tested and the results studied to determine the most effective agent under
expected chamber conditions.

Until non-flammable materials and adequate extinguishing systems are
available, personnel involved in the operation and use of manned chambers
should endeavor to climinate unnecessary equipment and be knowledgea-
ble of the hazards associated with their particular installation.
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SATURATION DIVING

8 I G. F. BOND

Medical Problems of Multi-
day Saturation Diving in

Open Water

I am to discuss the medical problems of multi-day exposures of man on
the bottom of the ocean under conditions such as those obtained in Sealab I
and Sealab II. This is intended to concern, not primarily the physiological
problems of diving, but the changes which result from long exposure to the
cold, wet, high pressure environment. I can summarize the physiological
aspects by saying that since 1957, when we first commenced our laboratory
work on the physiological problems of prolonged exposures to high pressures
of synthetic environments, through all the years of the animal and human
experimentation culminating in Sealab I and Sealab II, we have examined
almost every imaginable physiological parameter and we have not found
any serious deviations from the normal in man or in animals. This is not to
say that such data are absolutely reliable when one exposes men in such
a fashion. Indeed, we see some trends which would indicate that if the
exposure is increased to 60 or 90 days one might possibly get into trouble.
In general we see two trends. We see a type of stress response during the
first 3 days, which sometimes lasts as long as 5 days of exposure to this new
environment. It does not represent a change beyond the normal range, but
goes to the limit of normal. After about 5 days all of our human subjects
and animals alike tend to come back toward the baseline. However, after
15 days of exposure we now see a drop below the baseline approaching the
lower limits of normal. That, I think, is all I will say about physiological
data, which you will have a chance to examine later. I will now present a
few of the medical problems which we encountered in Sealab II, and sum-
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marize some of the general problems which we will face inevitably in the
future.

One such problem is visual dark adaptation, which is desirable in deep
water with nearly zero visibility. This has been accomplished by the use of
red goggles prior to entering the water.

Another prime problem is the requirement for thermal protection against
the extremes of cold we find at any point on the continental shelf at 400
feet or lower. Even in operations at 205 feet we were dealing with water
temperatures of 46 to 56 degrees. We have used thermo-protective suits,
electrically heated, which worked quite well (Fig. 26). However, these suits
require an excessive time to don and become a medical problem, in that the
man, after struggling for perhaps as long as an hour to get into the suit, is
pretty well debilitated and not in very good shape for diving. Furthermore,
if he were an inquisitive soul and chose to turn on the suit while he was still
standing on the deck, he would get extremely hot. It is necessary to wait
until you get into the water before you turn on the suit. Such suits also
cause technical problems in medical monitoring.

We have attempted to obtain electrocardiograms and simultaneously to
get skin temperature readings on a subject. The operational problem is that,
having gotten all the electrodes on a man, he has to put on the bulky suit,
and this displaces about half of the electrodes; consequently your data is
somewhat confused. I bring this out mostly to point up the fact that during
actual operations certain monitoring programs must be cut to the bone
because the procedures take up a large amount of time. This man could be
outside doing useful work, and it becomes a frustrating affair. Perhaps it is
better that we do more of these in the laboratory under controlled conditions
rather than to attempt the nearly impossible in open sea operations.

Under conditions of high pressure and in the Sealab atmosphere, the
Dwyer instrument for determining carbon dioxide, which costs about
$35.00, will function much better than any ot the $3,000 CO, meters cur-
rently available. It is a sad commentary that we are so far behind the times
with respect to atmospheric sensing instruments. Many do not function
properly in a helium-oxygen atmosphere under pressure. Before we achieve
autonomy we will have to have completely reliable gas sensing and monitor-
ing equipment. This is not only true of the atmospheric and physiological
monitoring systems; it is true of every piece of hardware equipment inside
the living compartment.

Another problem is the need for surface logistic support. If specimens
must be transported up to the surface support ship for analysis, it is neces-
sary to have such a system. Massive pressure pots, shown in Figure 27, must
be hauled through the water, put in a clumsy elevator, and dragged to the
surface. We expect to improve this system, but, as it has been used in
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Fia. 26. Aquanaut dressed in thermoprotective suit

operations to date, it has been a very serious problem in that men had to
put on their full garments every time just to go out and bring in a pot.
Much of the time they felt that we were being whimsical when we asked
them to send up the pot or to receive one. This was not the case, but it
doesn’t make for the best relationship between topside and submerged
personnel.

A problem which is not strictly medical but can become critical is the
problem of underwater communications. I am sorry to say that today we
have absolutely no workable diver-to-diver communications. We have tried
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Fic. 27. Aquanaut placing specimen in pressure pot for transport to surface ship

the communications equipment shown in Figure 28 in our Sealab operation.
This worked well in the swimming pool, but not at all under the conditions
of Sealab. Far too many instruments operate satisfactorily under laboratory
conditions but when tested under the extreme environmental conditions of
operations, they will not do.
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Frc. 28. Aquanaut wearing equipment designed to improve voice communication

Sealab IT was built to give a very comfortable and safe habitat for men
on the bottom. However, we seem to have overlooked the fact that the
purpose of it was to let these people go outside and dive. So, with all the
space available for living in the habitat, the entry hatch was only large
enough for one diver to get in and out at a time.

A medical problem of considerable proportions concerns the cooking of
food. As you might guess, one cannot fry foods in the captive atmosphere
because the accidental release of acrolein would necessitate a “bailout” of
all personnel. Therefore, frying is taboo. During the Sealab operation the
men below asked whether they could have steaks and, without thinking
much of it, offhand I said “yes, you may have steaks”. Instead of delivering
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pre-broiled steaks, someone sent down raw steaks. The men took this as
permission to cook and promptly started to broil them. The day must come
when we can permit aquanauts more freedom than this, but at the moment
our men have to live on boiled or baked foods. In fact, even the question
of making toast becomes a hazard, because we found that burning toast
produces carbon monoxide.

Medical problems caused by poor human engineering were the result of
too much concern on our part for the privacy and comfort of the men. We
felt that the aquanauts were entitled to privacy and we gave them draperies
which shut off their gas circulation. Consequently, we had CO; buildup in
the bunk area and unpleasant sleeping conditions. A table was provided
which opened for use. However, when it was opened, no one could be in a
bunk, and also the food slid off because of the tilt of the Sealab underwater
living compartment which was at a 6 degree up angle and a 6 degree port
list. This led it to be called the “Tiltin’-Hilton”’. Figure 29 shows the bunk
area of Sealab II.

Some problems, although not strictly medical, were certainly logistic
problems. One concerns the lithium hydroxide system which we used for
CO, removal. While it is an extremely efficient system and we are very
pleased with it, it is logistically difficult. We had to stow hundreds of these
cannisters inside the living compartment which crowded the people, and
then as time went along toward the forty-fifth day we had to re-supply from
the surface. It is obvious that we must develop a regenerable CO, absorption
system, and we must do it quickly.

Now let us look at the many problems which we will face as we go to
greater depths for long sojourns. These problems can be broken down quite
easily into matters of basic research, of environmental research, and of
personnel research. Excluding development of hardware these are our basic
considerations.

Under basic studies I think we have two critical things. One is oxygen
toxicity and although some progress has been made since 1955, T am not
impressed that we arc very much nearer the goal of solving this problem.
Considerable energy must be devoted to this; the recent emphasis on hyper-
baric oxygen therapy will be a boon because many teaching institutions
will be working on this problem. Decompression sickness is likewise a basic
problem. We have made gains here, but the answer is elusive, We would
wish to know, among other things, what is the optimal partial pressure of
oxygen to be maintained for people who are going to live in these undersea
habitats at a given depth. I do not know what the upper limit of tolerable
oxygen is for a 30 or 50 day exposure. I have an instinctive belief that as we
go deeper, increase the density of the breathing medium and add to the
work of breathing it will be necessary to raise the partial pressure of oxygen
slightly to provide for adequate oxygenation. This can be checked in the
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Fic. 29. Sleeping quarters of SeaLab IT

laboratory almost immediately. We can utilize laboratory animals and get
good arterial Po, values to test this hypothesis. If it is not true, we must
know it, because we may well have been crowding the upper limits of oxygen
exposure during the Sealab II operation. Indeed, there was a fall in red
cell count in two people who were exposed for a long period of time.

We need to know a great deal more about direct pressure effects. Very
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few of us think there is much to this. On the other hand, all of the prolonged
exposure experiences have shown that men do complain of various ill-
assorted aches and pains immediately upon pressurization. Many people
have their joints lock up when they go under pressure. Why is this? We
don’t know. We need to know more about direct effects of pressure and
what these cffects do. We certainly need to know a great deal more about
thermo-regulation in a He-O; atmosphere, because something must happen
to the thermoregulatory centers of the body. We don’t even know the
comfort zone for an He-O, atmosphere under pressure.

I'inally, human engincers and psychologists should recognize the fact
that when a man is put on the ocean bottom under these conditions, he is
deprived of most of his natural senses. He loses his sense of smell, his
sense of taste is greatly diminished, his tactile sense is nearly lost in the
cold water, his vision is reduced, and he cannot localize sound. An aquanaut
is not a whole man. It we can do something to restore these senses or replace
them with gadgets we must do so, all the way from image intensifiers to
mechanical aids for manual power reinforcement.

In conclusion, there are some additional unsolved medical problems
related to environment. We need to know a great deal more about friendly
and dangerous marine life. It was obvious to us in Sealab IT opcrations
that we did not have a very good awareness of dangerous marine life, al-
though we did work with a useful and friendly dolphin. We must learn to
make the oceans work for us. The sea bottom is an unfriendly surrounding
for man. We must diminish this hostility and we can only do so by knowing
much more about the environment into which we are going to inject our
aquanauts. We have a long way to go and we have come a good way. We
will occupy the continental shelves of the world, and we will go deeper.
However, to do it will take the energy of many people.
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Confluence of Physiological,
Environmental and Engi-
neering Factors in Pro-

longed Diving at Extreme
Depths

Advances in diving have depended not only upon the evolution of new
physiological information but also upon its eventual successful application
to actual undersea operation. The success of any manned, undersea, diving
operation is based upon the basic and applied research which preceded it.
In the course of the continuous blending of physiology and practice, a
challenging and important opportunity exists for close and informed col-
laboration between individuals skilled in physiology and in engineering.

Certain aspects of the need for engineering-physiological collaboration
will now be considered, from the point of view of members of the human
factors team which carried out life support aspects of an approximately
400 foot, two day saturation dive in the Caribbean area during the summer
of 1964. This particular dive represents the deepest, yet perhaps the least
complex, open-sea saturation dive to date. The actual depth of the exposure,
432 feet, is of only passing significance; it is hoped and expected that it will
be exceeded in the near future. However, as depth of diving is increased and
the duration is prolonged, it will become more and more important to rec-
ognize the opportunities and vital need for a planned combining of physio-
logical and engineering considerations, long in advance of actual diving
operations. This planning is not always evident.

The problems presented by deep saturation diving have been elaborated
by others. They include peculiar problems of decompression, inert gas
narcosis, difficulties in pulmonary ventilation, limits of oxygen tolerance,
temperature, wetness and communication.
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Several of these problems had already been studied in relation to the
saturation diving method proposed by Bond (10), when, in 1963, Link
sought the aid of Lambertsen’s laboratory in extending the depth of such
diving in the open sea beyond the 200-foot depth his group had accom-
plished the previous year (3). In the succeeding months there followed the
development by Workman (7) of a linear decompression procedure for the
elimination of inert gas from the tissues following saturation exposures.
It was against this background that an attempt was made to resolve many
of the human factors and life support problems that are present in such a
dive.

It should be emphasized that the deep, open-sea dive was not in itself a
research effort, but rather an application of previously determined physio-
logical and physical principles. The application of these required a high de-
gree of cooperation and coordination among the several types of back-
grounds involved. Since my purpose is to emphasize the necessary, desirable,
but not inevitable pooling of physiological and engineering skills and
judgments, no effort will be made to define sharply the individual contri-
butions to the project.*

At the time the preparations began, humans had not yet been subjected
to saturation exposures at a four hundred foot depth. One immediate life
support requirement, therefore, was evident. Successful human saturation
exposure and decompression must be carried out to this depth in the labora-
tory before a dive under open sea conditions should be performed. This
vital requirement was fulfilled when the U. S. Navy Experimental Diving
Unit conducted saturation exposures of subjects to helium-oxygen pres-
sures equivalent to 300 and 400 feet and successfully accomplished de-
compression using the slowly devised continuous ascent technique.

An important early agreement between the engineering and the human
factors groups concerned the scope and manner of approach to this deep,
open sea project. Anticipation of the greater physiological stresses to man
and the physical stresses upon his supporting equipment resulting from
depths significantly greater than has been achieved before, led to the adop-
tion of a “minimal system’ philosophy. The number and complexity of
mechanical systems and components was deliberately limited. The number
of human beings involved was also kept to the minimum necessary to
accomplish the primary task, while assuring adequate safety backup for the
subjects at sea. The scope of this project was therefore quite different from
those of much shallower saturation diving projects then being planned and
conducted by others (1, 5). This approach offered distinct advantages from
a life support standpoint then and still does. It improves overall managea-

* Engineering group headed by Edwin A. Link. Undersea life support group, from
University of Pennsylvania, headed by Christian J. Lambertsen, M.D.
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bility and flexibility of the operation, and it tends to reduce to a minimum
the sources of potential life-threatening failures, either mechanical or
human,

Once the philosophical approach had been established, the remaining
human factors evaluation of the entire operation could be completed, with
considerations of subject safety paramount.

Major Equipment

Figure 30 indicates diagrammatically some of the major equipment
components of the overall diving system. Three major units of the system
were in existence as the combined engineering-human factors effort began.
These were a surface vessel to serve as the basic support platform with the
capacity to provide support for the diving operation, a two-compartment
submersible chamber of pressure rating greater than the contemplated
bottom pressure, and a unique inflatable structure containing an access
trunk to be anchored to the bottom to act as a dwelling during the exposure.

With these three major units provided by the engineering group and
the assets of the laboratory most of the requirements for a deep saturation
dive were available. However, the submersible decompression chamber,

deck
monioring chamber  submersible chhmber
station

reserve gas supply

SURFACE
PLATFORM

€O, scrubber gas analyzer

reserve gas supply

SUBMERSIBLE gHAMBEB—|
gas analyzer. €O, scrubber

l+—— SUBMERSIBLE OWELLING

reserve gas supply

depth 432 ft..

Fic. 30. Diagrammatic representation of basic mechanical components of life
support system used in saturation dive to 432 feet.



92 Saturation Diving

although suitable for use as an elevator for two men, was quite inadequate
in size for the several-day decompression period anticipated. Furthermore,
in the event of serious bends in a subject during decompression it would
have been impractical for a member of the support team to enter the small
submersible chamber to carry out the possibly extensive therapy. Finally
it was necessary to provide proper safety backup for supporting divers
operating from the surface. I'or these reasons a chamber on deck was con-
sidered essential, and one was designed and incorporated into the life sup-
port system. Here, important human factors considerations imposed special
features upon this chamber. It had a trunk for mating with the submersible
chamber so that subjects raised from the sea could be transferred under
pressure into the deck chamber for subsequent controlled decompression.
The pressure rating of the deck decompression chamber exceeded bottom
pressure such that, if necessary, the entire decompression including therapy
of bends occurring at great depth could be accomplished within it. Its
size reflected a compromise between subject needs for safety and comfort
and the quantities of gas required to fill it. Other human factors considera-
tions in the design of the deck decompression chamber related to controls
for compression and decompression, for temperature regulation, for carbon
dioxide removal, for gas sampling and monitoring, locks, and provision for
the breathing of special gases for therapy and decompression.

An especially important safety problem anticipated for the actual
mating operation was the danger to both subjects and deck personnel
during the handling of the large mass of the submersible decompression
chamber above a rolling deck at sea. This consideration determined that
the actual mating should occur with the submersible chamber resting
securely in a cradle on deck, thereby minimizing threats to mating surfaces
and seals and the gas fittings on both the submersible and deck chambers.
This dive appears to represent the first use of such a deck decompression
chamber in a saturation exposure at sea and prominently illustrates the
scope of life support interests and the multiple merging of human factors
and engineering activities and thought.

(as Environment

Human factors analysis dealt as well with other problems of diving. In
order to remain within the boundaries presented by oxygen toxicity,
hypoxia and carbon dioxide intoxication, a suitable respirable gas environ-
ment had to be selected, and reliable control and monitoring of this en-
vironment in the submerged dwelling, the submersible chamber and the
deck chamber had to be assured. In determining gas composition for the
400 foot depth, practical choice of the major inert component was limited to
helium. However, important further considerations concerned with avoid-
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ance of lung damage did influence the selection of the desired range of
permissible oxygen pressures. Based largely upon the studies of Helvey (2),
the multiday length of the total exposure imposed a ceiling not much
greater than about 0.5 atmosphere of oxygen pressure. Likewise, avoidance
of hypoxia imposed a floor of about 0.2 atmosphere. Within this safe range,
consideration of the effect of an accidental interruption of oxygen control,
through failure of either the monitoring or the replenishment systems, upon
the relatively small volumes of the dwelling or submersible chamber led to
the selection of an oxygen pressure (0.5 atm) near the upper part of this
range, thus insuring an oxygen “cushion” of several hours should an inter-
ruption of supply occur.

The third gas of major concern was carbon dioxide, and a Pco, ceiling of
7 mm Hg was established, well below levels which should produce true
toxicity even in indefinite exposure (6). Thus at the eventual 432 foot depth
of diving the gas mixture supplied was 3.6 % O in helium with a maximum
of 0.066 % COs. ,

With the basie gas composition determined, it was decided for reasons of
safety that the primary monitoring and control of the gas environment
should take place at the surface, with replenishment of oxygen and helium
from surface supplies. Carbon dioxide scrubber units which employed
granular Baralyme were engineered for each compartment. Again, safety
considerations established that the life of the absorbent cartridges in these
units should be greater than 12 hours for two subjects, and that spare
cartridges be placed at each location.

To provide a readily available safe respirable gas mixture to replace gas
losses from the system, supplies of a 3.6 % oxygen in helium mixture were
placed at the topside control station, at the submerged dwelling and at
the submersible chamber. Prior to open sea activity, the gas analysis system
was tested by monitoring the chamber environment during the deep
saturation exposures and decompressions conducted at the Experimental
Diving Unit. The system employed was also used extensively in monitoring
gases to which animals were exposed at a pressure equivalent to 4000
feet of sea water (4). In these exposures the range of control for oxygen was
0.2 to 0.4 percent, for carbon dioxide from 0 to 0.02 %.

Since overall safety considerations necessitated retaining of primary
control of the gaseous environment at the surface for the dive, the subjects
were dependent for their gas environment upon 400 foot lengths of hose
to the surface. This in itself presents the same potential hazard as does the
use of hoses in diving. To decrease this dependence upon surface activity,
an oxygen supply sufficient for approximately 10 days was integrated with
the dwelling, and carbon dioxide and oxygen analyzer units capable of
being used at pressure were included in the final system. These gave the



94 Saturation Diving

subjects the capability of independently controlling their own breathing
environment in event of failure of the more accurate surface control. This
placing of pure oxygen at the divers’ disposal required tight precautions
to guard against inadvertent leakage of this gas into the dwelling, since
this could lead rapidly to manifestations of oxygen toxicity.

The joint engineering-human factors approach through detailed consider-
ation of physical and physiological hazards, thus defined the major me-
chanical components of a minimal system for supporting life in a deep
saturation exposure at sea.

Supported from a mobile surface platform, subjects could be lowered {o
the bottom, work from a dwelling on the ocean floor for an extended period,
be returned to the surface under pressure and be decompressed in a suitable
chamber at the surface, with assurance of continuous control over both the
pressure and composition of their gaseous environment. From a lite support
standpoint these numerous engineering and life-support components repre-
sented, as a group, clements which were of critical importance to the sub-
jects; failure within these systems would present a direct threat to life which
could in some cases be measured in minutes.

While component failure should not be expeeted in systems fit for use at
sea, it was logical that such details of structure should receive the greatest
attention from the life support as well as the enginecring team.

Communications

Scarcely less critical to subject safety and performance, however, are the
problems of providing effective and reliable communications. It was known
that the serious distortion of the voice produced by the helium in the respir-
able gas environment would severely impair voice communications be-
tween the subjects and from the subjects to surface personnel. The neces-
sity for rapid communications therefore demanded the provision of several
alternate methods. These included buzzers at each subject location for the
transmission of code messages, and a television system with the camera
placed at the underwater dwelling to provide immediate information to the
surface monitors of the performance, actions and condition of the subjects.
Devices for the direct transmission of handwriting were also introduced
into this type of diving as a monitoring and communication measure.
These latter devices, serving for the rapid and accurate transmission of
written messages, also offer a valuable means for assessing subject per-
formance and state of consciousness.

Provision of such alternate communication routes does not eliminate the
need for ultimate improvement of direct voice communications, since of
all factors in safety and effective performance this ranks among the most
critical. The absence of a satisfactory electronic means of overcoming the
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Fi1g. 31. Method for improving voice communication at extreme depths. Voice
distortion resulting from breathing helium is lessened by effecting transient lung
washout with air.

helium-induced voice distortion led to a more directly physiological ap-
proach to the problem. It was known from field diving experience of others
that speech at depths between three and four hundred feet is improved by
adding a fraction of nitrogen (about 15 percent) to the helium-oxygen mix-
ture (8). It was therefore proposed by Lambertsen that, if prior to speak-
ing, a subject could temporarily replace a portion of the helium in his lungs
by a transient lung washout method using air or a nitrogen-containing
mixture, intelligibility of speech should be drastically improved without
undue development of narcosis. Figure 31 shows the simple technique by
which this was accomplished. Bottles of compressed air and an air-helium
mixture were placed at the underwater dwelling, enabling a subject to
effect a lung washout prior to speaking. The washout is exponential and
the inspired pressures of oxygen and nitrogen, recognized as toxic for long
continued exposure at this depth, were judged to be safe for the several
breaths of intermittent inspiration required for speech. This lung washout
technique did in fact significantly improve voice intelligibility, and was
extremely simple in execution.

Temperature

Ranking just behind the critical life-support problems already mentioned
is a problem which, while not an immediate threat to subject safety, never-
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theless could seriously influence health and performance during a deep
saturation dive at sea. This is the problem of maintaining a comfortable
temperature for the subject in the deck chamber, submersible chamber,
undersea, dwelling and particularly in the water, if he is to accomplish
effective work on the bottom. I'actors which combine to make this difficult
are temperature of the water, high thermal conductivity of the helium
environment, wetness of the subjects, and the high humidity in the dwelling
imposed by the constant water interface present in the trunk. Although
considerable efforts were made to develop equipment to overcome these
difficultics, this aspect of the task was not satisfactorily accomplished.
Decision to conduct the exposure in the Caribbean area, where relatively
warm water would impose less of a burden on temperaturc control, was
made in order to lessen the decrement in subject performance in this early
dive.

Decompression

The anticipation of physiological problems related to decompression
from prolonged diving offers another example of the necessary coordi-
nation of physiological and enginecring groups. The reliance upon the basic
pattern of linear decompression developed by Workman has already been
cited. However, the planned addition to this schedule of the principle of
intermittent breathing of pure oxygen during the final hours of decompres-
sion, in order to increase the outward pressure gradient for helium elimina-
tion without inducing oxygen toxicity required the inclusion of a breathing
system suitable for this purpose. Further, the use of the additional principle
of replacing helium by nitrogen during treatment of decompression sickness
was provided for. The case of mild bends which did occur was successfully
treated by employing a combination of intermittent oxygen breathing,
moderate elevation of pressure, and substitution of inert gases (9).

These remarks have been limited to a consideration of some, but by no
means all, of the important human factors problems anticipated or en-
countered in preparing for one saturation exposure directed at placing man
at a then new and great depth in the open sea. Emphasis has been placed
upon the very great importance of early, planned and careful coordination
between engineering and human factors groups in solving these problems.
This particular example of such a collaboration, while effective, was by no
means perfeet, and many of the problems were less than optimally resolved.
Among these persistent problems remain voice communications, tempera-
ture and humidity control, decompression and the treatment of decompres-
sion sickness. As the depth for saturation exposures in the sea is extended,
additional problems related to resistance to pulmonary ventilation, inert
gas narcosis and greater distance from surface support will become inereas-
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ingly troublesome. As man reaches toward new depths in the open sea and
places even greater stresses on himself and supporting equipment, the
practical solution of these many human factors problems will demand
effective collaboration between thoughtful engineers and physiologists.
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Problems of Extreme Dura-
tion in Open Sea Saturation
Exposure

At the time of the Second Symposium on Underwater Physiology three
years ago, limited and precursory experiments had been performed in the
open sea to investigate prolonged durations of exposure by man at depth.
Preceding these ventures into the sea, however, came preliminary laboratory
experiments to help determine their feasibility.

During the Second Symposium on Underwater Physiology, Bond (1) re-
vealed that personnel of the Naval Medical Research Laboratory at Groton,
Connecticut had begun several years previously to explore new approaches
to the old problem of effective penetration by man into inner-space. To
overcome the two major problems recognized at that time, it was realized
that a great deal of basic work remained to be done before man should at-
tempt to apply certain principles to open sea saturation exposures. Bond
and his colleagues proceeded to embark on this investigation with animals
(2) and later with men, despite much ecriticism and resistance to their efforts
as well as the difficult physical and physiological conditions which they
faced. They are to be congratulated for their fortitude and important pio-
neering work which has helped man to accomplish effective penetration into
the sea by use of manned undersea stations.

Since the last Symposium, several generally successful, manned undersea
station experiments of various types have been completed. Not all of the
problems have been solved, but at least we are gaining experience and
confidence that man can thus live and work effectively in the sea without
causing damage to his body or mental processes. Some problems may exist
which we do not recognize or appreciate yet. Time and further experience
will help us to decide and learn what is the best and safest way to continue.

Duffner paraphrased Voltaire by stating that the discovery of what is
true and the practice of that which is safe are two important objectives of
underwater physiology (3). We shall continue to experiment and with
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the aid of an exchange of applicable information on an international and
cooperative basis, the future looks bright for our eventually solving most of
the problems encountered.

Achievement and survival under the sea depend on mental re-education
and perhaps development of new patterns of behavior (4). Once the psy-
chological barrier has been overcome, there remain the exacting demands
of physiological adaptation of man’s body as well as physical adaptation of
material and of mechanical devices to the undersea environment.

The chief responsibility for survival in the foreign environment of inner
space lies with the engineer. Physiology remains a second line of defense for
the time when the arrangements of the engineer become overtaxed or
exhausted. Psychology has its applications throughout the project, but
becomes of special importance when the failures of the engineer make the
situation particularly stressful and the physiological tolerances become
strained (5).

Discussions of underwater physiology should not be limited to reflection
upon or investigation of physiological aspects of various affected body
systems such as those of the cardiovascular, respiratory, musculoskeletal,
and nervous systems. Certainly evaluation of these systems and how they
are affected by such factors as oxygen toxicity, inert gas narcosis and
decompression are vitally important. They present a good base from which
an extension of investigations can be conducted. However, various factors
which affect or influence psycho-physiological function as a whole (of the
total body complex) must be dealt with. Additional problems exist other
than those conventionally discussed in volumes such as this. In this presen-
tation, several non-classical problems will be briefly discussed as well as
some of the classical problems related to underwater physiology.

A trend was developed in the Second Symposium on Underwater Phys-
iology in which some attention was directed toward extension of diving
depth and duration and some effects of prolonged immersion. With the
recent advances in applied research and technology, it is encouraging to
observe the increased emphasis in this Third Symposium on problems of
open sea saturation exposures and prolonged periods at high ambient pres-
sures.

From the varied experiences in open sea saturation exposures to date, it
is difficult to attempt to make generalities or to interpret results of experi-
ments by others. Although there is an absence of specific presentations
pertaining to the problems of the cardiovascular and respiratory systems in
this particular session of the Symposium, we must not deceive ourselves by
thinking that therefore no such problems exist.

Peterson (6) previously reported on cardiovascular performance under-
water in diving animals and man, and compared observations from the
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sparse data available with personal considerations of what might be ex-
pected to occur. The observations were confined to dives of short durations
as those limited to breath-holding, but interesting analogies occurred which
emphasized the need for further study of the cardiovascular response to the
underwater environment.

The impression is that there have not been significant circulatory or
cardiovascular system problems during manned undersea station (MUST
(12)) experiments. This probably reflects effective screening of unsuitable
-andidates during selection of personnel for the experiments. However, more
effort should be devoted to the study of eirculatory physiology underwater.
One of the problems which have been encountered in attempting to perform
some investigations was with electronic (“parasitic”) disturbance-inter-
ference during application of electrocardiograms to divers in the sea. Like-
wise similar problems have been encountered in transmitting via cables to
the surface control station the registration of electrocardiograms taken in
the undersea station.

Some equivoeal hematological changes have been observed in man
following certain previous undersea station experiments (e.g. Pre-Continent,
I) (7) and in sheep following the initial physiological experiment in a pres-
sure chamber prior to our most recent open sea exposure. During and follow-
ing that experiment in the sea, however, the hematological status of the
exposed personnel remained stable and within normal limits. In another
recent undersea station experiment, Brauer (8) reported that as a result of
the exposure there were no changes observed in erythropoiesis in the four
men who were evaluated by the U. 8. Naval Radiological Defense Labora-
tory.

In the earlier undersea station experiments previously mentioned, a
transient mild anemia occurred which apparently was due to the elevated
partial pressure of oxygen in the compressed air atmosphere of the stations
which were maintained at an absolute pressure twice that at sea level.
Although the initial analysis of the sheep apparently revealed an anemia
following their prolonged exposure to high ambient pressures of a helium-
oxygen pressure chamber atmosphere, further evaluation disclosed that the
apparent anemia was only relative, for their hematological findings re-
mained within the range of normal limits.

In the latter experiment, partial pressures of oxygen in the synthetic
atmosphere were maintained at higher levels than were desirable as we
sought to perfect operational techniques. Carbon dioxide partial pressures
were also greater than desirable, and what effect this had on the animals
has not been definitely determined. To complicate matters, the solvent,
trichloroethylene, was introduced into the atmosphere regeneration-re-
cireulation system of the caisson. This solvent was used in an attempt to
clean from the system some lubricating oil which had leaked from the com-
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pressor into the piping of the system thus contaminating it as » result of an
accident in the compressor. Perhaps there was a toxic reaction in the sheep
caused by the solvent and oil residue which produced the relative anemia.
Besides potential effects of elevated CO, tensions or other toxic agents,
indications are that a partial pressure of oxygen in the atmosphere much
above that of normal tensions affects erythropoiesis and can produce a
relative or actual anemic condition during or following prolonged exposures.

As for problems related to the respiratory system, we are not yet quite
sure of what has occurred during the undersea station experiments. Never-
theless, our general Impression, with some reservation, is that there have
been no significant disturbances in the respiratory function of persons sub-
jected to these saturation exposures, particularly after they have passed
through the initial, about 3 day period of acclimatization to their new en-
vironment. There has been no serious or lasting embarrassment of respira-
tion or incidences of respiratory crises as such. There have been incidences
in which various persons have noted some breathing-resistance (heavy
breathing) and dyspnea (shortness of breath) upon exertion within their
habitat or while outside of it on diving sorties during the initial few days of
their exposure.

There have also been incidences of transient, febrile illnesses of an in-
fluenza-like nature in which some expected, minimal-to-moderate respira-
tory distress occurred along with other systemic signs and symptoms.
Common colds and pharyngitis which may occur in any environment have
arisen and caused some minor problems associated with the respiratory
system. However, those persons affected have recovered spontaneously or
responded favorably to available medication or treatment including tem-
porary suspension of diving activities to prevent occurrence of possible
complications.

We do recognize the need to continue investigation in pulmonary and
respiratory function, particularly with respect to saturation exposures and
work performed at increasingly greater depths and with various gas mix-
tures. For example, as the result of the limited pulmonary function studies
permissible under the circumstances of the most recent MUST experiment,
it was concluded that it is necessary to clarify and study further the results
which were obtained.

It was not feasible to perform pulmonary function studies down in the
station during that experiment. Those which were done were performed on
the oceanauts while on surface before and after their exposure. Naturally
there would be differences under the realistic circumstances from the results
which were obtained. The respiratory function characteristics of the
oceanauts noted prior to the experiment had been maintained and compared
in general to those observed after their exposure in the undersea station.

In the interpretation of the post-experiment patterns, fatigue of the
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oceanauts must be taken into account as possibly contributing to some
irregularities of rhythm and amplitude which were observed in certain
cases. Generally, some diminution of the minute-volume ventilation was
also noted. However, it was felt that the differences registered between pre-
and post-experiment studies for the measured parameters were too slight
and inconsistent to be significant. Further investigation was recommended
including performance of the same studies under increased pressures and
with the gas mixtures used.

Perhaps this is an appropriate time to comment more about fatigue of
personnel exposed to saturation exposures in the sea. Fatigue is a response
to a complexity of factors, depends upon the duration of the exposure to
fatigue-producing elements and environmental stresses, and is manifested
by individual differences. With variations in one’s participation in the
experience, his basic state of physical and emotional health, and his manner
of work and living, fatigue or absence of it is exhibited in various degrees.

Some factors which may play a part in producing fatigue are the ventila-
tory effort in breathing compressed air or mixed gases in hyperbaric condi-
tions, repeated exposures to cold water, somber aspects of the deeper depths
or turbid waters, and long hours of work with irregular meals and lack of
adequate rest depending on the circumstances encountered. However, the
resulting fatigue seems to be no different from that observed following
prolonged engagement in athletic contests or competitive sports, similar
types of industrial or occupational activities, or in persons returning from
war patrols on land or at sea. Until manned undersea stations cease to be
experiments and become an accepted manner of life and work, the related
fatigue is considered to be expected and normal. Even then, one will not
always avoid fatigue.

Problems related to the protection against body heat loss during extended
immersion are still unresolved. Beckman (9) has previously reported on this
subject and additional information appears elsewhere in this volume (Chapt.
14).

In the experiments with which we have been associated, the personnel of
the undersea stations used conventional wet suit type of anti-exposure suits
with and without various forms of protective under-garments. Material
making use of minute glass bubbles as an insulating aid were tried without
much success. However, the suit was simply a prototype and needs some
modification. This lack of effective anti-exposure clothing has been the
most serious problem which has prevented personnel from remaining out on
diving sorties for more than an hour or so at a time (depending on sea
temperatures and activity). It has also reduced their effective work, not to
mention contributing to their associated discomfort from the penetrating
cold.
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There are some relatively minor problems related to the musculoskeletal
system which may or may not be significant. However, the fact that certain
signs and symptoms of discomfort in the musculature, ligaments or tendons,
and articulations are incompletely explained is justification for further
investigation or consideration. Whether or not such affection of the musculo-
skeletal system has a bearing on the potential problem of the development
of aseptic bone necrosis must also be clarified.

Rheumatoid ailments have been observed during some prolonged sojourns
in pressure chambers (e.g. during treatment of decompression sickness,
air embolism, and during experiments preliminary to undersea stations) as
well as in open sea exposures. The etiology has not been definitely deter-
mined but has been the subject of conjecture. Because such ailments have
been somewhat erratic or transient and only moderately uncomfortable
rather than disabling, they have often been overlooked or perhaps forgot-
ten.

More must be known about effects on the musculoskeletal system during
saturation exposures by factors such as increased humidity, temperature
changes, respiratory (pulmonary ventilation) resistance, and possible
altered peripheral circulatory dynamics in such environments. How im-
portant are the effects of temperature changes due to coolness in the habitat
or to drafts produced by uneven distribution of air currents in the interior
ventilation and air-conditioning as well as by repeated exposures to cold
water temperatures during diving sorties? Are there peripheral (e.g. osseous
system) effects relative to unknown effects of certain gases under pressure or
secondary to recognized or unrecognized atmospheric contaminants? May
effects occur in the peripheral musculoskeletal system due to potential
alterations in pulmonary function which are similar in nature to those
sometimes observed in persons suffering from various forms of chronic
lung disease? Can these effects along with those of a possible diminished
peripheral circulation (secondary to possible increased peripheral resistance)
cause inadequate circulation in the muscles and joints of the extremities
with resultant chronic changes? These questions must be answered.

The potential problem of aseptic bone necrosis which is sometimes ob-
served in persons who have worked in the increased ambient pressures
involved in underwater tunnel construction (10) may not affect personnel
who have been exposed to controlled saturation exposures in the sea or in
pressure chamber experiments. The necrosis phenomenon seems to be more
related to inadequate decompression procedures, with or without evident
attacks of decompression sickness, following prolonged or saturation ex-
posures rather than to the exposures to high ambient pressures as such.
However, we must keep this problem in mind and seek to prevent its oc-
currence.
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Control of humidity, prevention of atmospheric contamination, and
prevention of pollution of the environment by pathogenic microbes (bacteria
and fungi in particular) present problems to be taken into consideration.
Although not basically a physiological problem, analysis and surveillance
of the atmosphere in undersea stations are most important. Questions can
arise about the possible relationship of atmospheric components and their
maximum allowable concentrations with subjective complaints, medical
or physiological disorders, behavior, and performance.

Bacteriological investigations of the undersea habitations which have
been conducted in the past have revealed an inerease in microbe growth on
the skin and in the ear canals of the personnel and within the “air” and on
various interior surfaces of the station. Increased humidity within the
stations has no doubt been a contributing factor in aiding this growth.
Bacteriological investigation of the waters immediately surrounding the
undersea station is being undertaken as well, in order to determine what
changes, if any, occur which could affect the inhabitants.

Various skin and external auditory canal infections and “‘irritations” have
been observed. In all cases, their etiology has not been definitely determined.
Such infections are often of a mixed bacterial and fungal nature and may be
secondary to irritation or response to microorganisms or other agents in the
sea to which the personnel are exposed.

Seriously handicapping effects from atmospheric components have not
been observed or recognized but the sensitivity or accuracy of our measure-
ments may not be satisfactory. Therefore we must continue to seek improve-
ments in this vital aspect of prolonged undersea exposurcs.

Environmental contaminants other than those of a purely atmospheric
or respiratory nature (c.g. paints, varnishes, solvents, lubricating oils,
cooking odors and fumes) and other sources of potentially toxic elements in
the habitation as well as in the surrounding marine environment must be
controlled and avoided where possible. Potential problems are ever present
with the collection and disposal of sewage and other waste material such as
used food containers, garbage, dirt and dust, and used carbon dioxide ab-
sorbant agents which accumulate in the course of housekeeping and living.

Nutrition and problems associated with food storage, revictualing, and
food preparation can affect the physiological function and performance of
the personnel, particularly during sojourns of prolonged exposure. These
are important aspects to consider in providing for the welfare and comfort
of those who live and work underwater. In our operations nutriments
which provided at least 3000 calories per person per day were provided in
variable menus which still allowed for some individual taste or choice.

Besides determining whether or not one’s body can accept and tolerate
the associated physiological stresses, there are various psychosociological
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aspects to be considered in the selection of personnel for participation in pro-
longed undersea exposures (11). Cousteau (13) has observed that in general
an individual having a difficult character in normal conditions may well
become more difficult in trying times or circumstances. Or, on the contrary,
he may become by necessity an excellent, dependable comrade. We prefer,
however, not to run the risk, and we select our personnel from among those
who prove daily and spontaneously to be of good team spirit.

Mention should be made regarding security measures for the safe return
to the surface of occupants of undersea stations during emergency incidents
which necessitate their abandoning the habitation. For example as a result
of serious fires, flooding, collapse or other incidents which render the station
uninhabitable, provision for the preservation of their well-being or survival
must be arranged. Return to the surface under such forced circumstances
can cause serious problems with respect to the necessary decompression
required. This and other factors can produce greatly increased or over-
whelming physiological stresses in those persons involved.

There have been some problems related to communications during open
sea exposures, but in general the various forms used have been quite success-
ful. Naturally the primary reason for having effective communications
between the undersea station and the surface control center is for establish-
ing and maintaining operational control of the experiments. Television,
telephones and other forms of vocal communication, buzzer systems (for
sound signal or morse code transmission), tele-writers for transmitting and
recording written messages, tape-recorders, photography, voice frequency
modulators for helium speech, journals or diaries and personal correspond-
ence, and mechanical means (e.g. watertight pressurized containers) have
been effectively utilized in sending information back and forth between the
station and the surface. Physiological and clinical data as well as subjective
impressions can thus become readily available from the personnel down in
the station to aid in the surveillance of their health and welfare as well as
their work to be accomplished.

Tor the vast amount of data which results during the course of a satura-
tion exposure or undersea station experiment, we have made use of a com-
puter system to help with its collection and recording, sending to the surface
control center, storage, and evaluation. A questionnaire was devised for
use in helping to orient the collection and processing of the symptomatologi-
cal and clinical information which occurred during the course of the experi-
ment. The questionnaire was arranged so that it could be completed by hand
and sent to the surface or replied to by typewriting on a machine in the
station which was integrated into the computer system.

Table 10 summarizes the experiments of saturation exposures performed
on animals and man within a pressure chamber and by men in the open sea



TABLE 10

SPE-
DEPTH CIFIC
Dura- Pos %’Nz Pcos I\E[Ass*
DESCRIPTION SuBJECTS TION MM DEN-
—————| (pavs) | (M He) | frgy | G He) | i

(ME- | (ATM. (GRr.
TERS) | ABS.) LITER

NAME oF
EXPERIMENT

Conshelf I 14-21 Sept. 1962, | 2 men 10.5) 2.05( 7 316 1192 0.4 2.650
Roads of Marseille.
Compressed air in
open circuit. De-
compression: 3
hours with inhala-
tion of Oz (mask).

Conshelf II 15 June-14 July 1963, | 6 men 9.5/ 1.95 30 302 1133 0.4 2.520
Red Sea, Sha’ab
Rumi reef. Com-
pressed air in open
cireuit. Decom-
pression: same as
Conshelf 1.

5-13 July, Closed | 2 men 25 3.5 5 270 1030 2.560
circuit with 509,
air-50%, helium.
Decompression: 3
hrs inhalation
(mask) 80% O:-
207% helium at bot-
tom, 20 min at 15
meters, 30 min at
12 Ineters, over-
night (12 hrs) in
base house at 9.5
meters, then same
as C'onshelf I.

Other experi-
ments:

Merinos Allthe other (prelim-| 2 sheep | 200 | 21 15 217 £ 29 | 124 | 63 = 15 | 4.326
inary) experiments
Cachemire from January to | 2 goats |{ 200 | 21 14 169 415 | 124 [ 23 £ 7 4.326
August 1965—High
Aliboue pressure caisson of| 2 goats 120 13 2 478 287 6 3.549
0O.F.R.8., Marseille
Choutaqua In these experi- | 2 men 120 13 5 177 & 16 29 10 2.052
ments as in Con-
shelf III, decom-
pression was per-
formed utilizing a
continuous ascent
following an expo-
nential curve corre-
sponding to desat-
uration of the 120
minute half-time
tissues, with pass-
age from He-O2
mix to compressed
air at 4 atms abso-
lute pressure,

* Calculated with regards only for Oz, Ns, and Helium and in STPD for dry air, this value is 1.2923 (den-
sity absolute).
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TABLE 10—Continued

SpE-
DEepTH D P N(iIFIS.
NAME OF URA- Po: N2 1 Peos AS
EXPERIMENT DESCRIPTION SuBjJECTS (g;gbsz) (a3 Hc) %{M(g (ut He) gg«)—
(ME- | (ATM. (GRr.
TERS)| ABS.) LITER)
Conshelf TIT | 28 Aug.-2 Sept. 1965 | 6 men 25 3.5 4 174 515 4 1.701
—Monaco Harbor
Decompression: 8hr.,
5 min., with Oz
(mask)
17 Sept-17 Oct. 1965 | 6 men 100 11 29.5 178 & 24 65 4 2.146
—off Cap Ferrat
Decompression: 84 E
hrs., with O i
(mask) i

* Calculated with regards only for Oz , Nz, and Helium and in STPD for dry air, this value is 1.2923 (den-
sity absolute).

by the group under the direction of Cousteau. Other related data and details
of these specific experiments are in preparation and will appear in a separate
publication of the Bulletin of the Institut Océanographique of Monaco.

Conclusions

Despite the existing and potential problems which have been recognized
in the various experiments of the continuing investigations, it is important
to report that no one who has been exposed to saturation exposures in
open sea or in the preliminary pressure chamber experiments has had to be
removed from them for any reason. Whereas performance of the personnel
in earlier undersea station experiments had been somewhat affected during
the initial phases of acclimatization, the over-all performance has been
remarkably effective. In our most recent experiment, the performance of
the oceanauts was far superior to that of the earlier experiments. This
probably reflects learning from past experience, better use and control of
the station atmosphere of lesser density, and improved equipment and
techniques. However there still are many problems to overcome in future
experiments and operations.

We must think in terms of what may develop in the future to those who
are participating underwater at the present. More is needed than just treat-
ing what arises at the time. Having medical-physiological support or
control at the surface is not sufficient, at least in these early stages of investi-
gation. If there is no one well trained in examining for and treating maladies
or problems which may arise or in conducting essential physiological in-
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vestigation down in the undersea habitat, then the situation demands a
policy of remote control or remote treatment. This will not suffice, for more
is involved in efficient treatment or conducting investigation than the
preseribing of medications or recommending advice.

Physiological and medical specialists are learning how to deal with
problems just as are the engineers, oceanographers; marine biologists, and
other professional and technical specialists. Not enough can be gained or
learned from the surface. We must work down in the environment with those
persons for whom we are medically or physiologically responsible, and we
congratulate the U.8. Navy for the efforts and progress which it has made
in this direction.
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Decompression after Satura-

tion Diving

In connection with Operation Genesis and Project Sealab of the U. S.
Navy the Experimental Diving Unit was asked to formulate and to test
decompression schedules for saturation dives to 100, 200, 300, and 400 feet
of sea water. Operation Genesis was a laboratory investigation by Bond to
test methods and procedures for these saturation dives prior to placing
human divers on the actual sea bottom, the Sealab operations of 1964 and
1965. The calculations for the saturation decompressions were originally
conceived and carried out by Workman of the Experimental Diving Unit.

In Phase C of Operation Genesis three men were sealed into a pressure
chamber of the Naval Medical Research Institute in Bethesda for seven
days in November 1962 to examine the physiologic effects of breathing a
helium-oxygen atmosphere at sea level pressure. Phase D was conducted
at the Experimental Diving Unit in April 1963 when three subjects were
pressurized to 100 feet (4 atmospheres absolute), maintained there six days
and then decompressed safely. For the final laboratory study, Phase E, the
three diver-subjects lived and worked under a pressure of 200 feet (7 at-
mospheres absolute) for twelve days in the new chamber of the Medical
Research Laboratory (Naval Submarine Medical Center) in New London
in August of 1964.

Tor reasons given in the report of an earlier animal study (10) the inert
portion of the breathing mixture used in these studies was principally
helium. The oxygen proportion or partial pressure was carefully controlled
to prevent the manifestation of long term pulmonary oxygen effects. Some
nitrogen was present in each study because of the problems raised in any
attempt to remove it completely, but in the light of recent information (8)
its presence could be beneficial.

Oxygen partial pressure for dives of this type should probably be main-
tained somewhere between 0.2 and 0.5 atmospheres, although the optimal
level within this range has not yet been well defined. The risk of pulmonary
toxicity in exceeding the 0.5 atmosphere oxygen limit for long duration
dives is a deduction from extrapolation of the results of work done at lower
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total pressures. Any effect of dilution with inert gas molecules has not been
measured in this respect. Acceptance of this limit for the maximum oxygen
pressure does restrict the use of compressed air in saturation dives to a depth
of 45 feet gauge or less. Increasing the total pressure beyond that depth
by the addition of pure nitrogen seems to have little advantage over the use
of helium because of the difficulties involved in breathing the relatively
dense compressed nitrogen (7, 10). Proportionate mixtures of helium and
nitrogen with oxygen might be used, possibly with advantage, but decom-
pression requirements have not yet been worked out to any extent for such
a system.

If one accepts the concepts of perfusion limitation, exponential desatura-
tion, and the symmetry of saturation and desaturation as valid for decom-
pression, then it is a simple, although tedious, task to analyze the inert gas
mechanics of a model situation for any dive, projected or accomplished. A
modified Haldane method is used for this computation in the U. S. Navy
(11). For mathematical analysis the body is assumed to be made up of a
number of “half-time tissues” in which the tissue half-saturation time, the
time to take up 50 % of the amount of inert gas lacking for complete satura-
tion, ranges from very fast to very slow depending upon the variations of
perfusion efficiency to gas solubility. Simultaneous solution for a limited
number of half-saturation times is felt to be sufficient to define the range.
Figure 32 is taken from the Report of the Admiralty Committee on Deep-
Water Diving (1) and shows Haldane’s solution for the amount of air dis-
solved in the 5, 10, 20, 40, and 75 minute ‘half-time tissue” during a 1614
minute dive to 168 fect and decompression according to his new stage
method.

Figure 33 shows a single exponcntial curve which, so long as the pressure
remains constant, represents the inert gas exchange with time in any tissue.

P, = partial pressure of inert gas in the tissue at any time T

Py = original partial pressure of inert gas in the tissue
P = partial pressure of inert gas in the lungs
and
Py = Py + F(P — Py) (1)
The time function (F) is defined as
Fo= 11— @
U= T/H (3)

and is defined as the number of one-half saturation times (H) in the time
interval (T"). The exponential saturation of a tissue can then be described as

Pp = Po+ (P — Py (1 — 147 4)
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Diving fo 28 Fathoms by new method.
The curves from above downward
represent respectively the variations
in saturation of parts of the body
which half saturate in 5, 10, 20, 40 and
75minutes. The thick line represents the
air pressure. Diver /4 minutes on the
bottom & 46 minutes under water.
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Fic. 32. Haldane solution for air dive to 168 feet with stage decompression. Re-
produced from the 1907 Admiralty Committee Report on Deep-Water Diving (1).

A negative value for (P — Py) indicates the loss of inert gas in desaturation.
Table 11 is a tabular definition of this curve from 0 to 9814 % within six
half-times. Note for future reference that when /' = .278 then U = 0.47.
The object of such analysis, which is to insure the safety of similar dives
made in the future or the safety of decompression schedules calculated with
the information extrapolated from previous “safe” decompressions, is
often frustrated in attainment due to the wide individual variations in
susceptibility to decompression sickness from day to day and from situation
to situation. Perhaps if enough dives are performed and scored, then com-
puter analysis might make the limits clearer. The diving staff of the Experi-
mental Diving Unit is not now large enough to amass such data quickly.
Haldane’s concept of a 2:1 ratio for safe supersaturation in ascent was a
brilliant and extremely useful one as it permitted formulation of the first
practical and safe decompression tables. However, it is valid only in a
limited case and has not proved safe for longer and deeper exposures.
Haldane himself states in his first reports (1) that the validity of the ratio
for pressures much in excess of six atmospheres was doubtful, as no experi-
mental data existed, and later (3) that for air dives exceeding six atmos-
pheres absolute some reduction of the ratio is required. Later work in the
U. S. Navy (4, 6) demonstrated that surfacing ratios increased as the half-
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SATURATION (OR DESATURATION) PLOTTED AGAINST TIME
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saturation time decreased, to 3.8:1 for the 5 minute half-time tissue, and
that permissible ratios also decreased with depth. Development of diving
with helium-oxygen mixtures focused attention on the ratio of inert gas
partial pressure to ambient pressure rather than the ratio of total pressures.
The same mathematical model could be used for air and for helium-oxygen
diving, but a different set of ratios and significant half-times would result
in different decompression schedules. More recently Workman finds it more
convenient to work with maximum tissue pressures (M) rather than ratios
(Table 12).

In 1957 Workman reported on the calculation and testing of his Air
Saturation Decompression Tables (9). He had considered a number of
dives made at the U. S. Navy Experimental Diving Unit between 1937—
1945 at depths from 30 to 99 feet for exposures up to 36 hours. Forty-six
additional dives were made on air to a depth of 140 feet for times from 90
to 360 minutes. It became apparent during this study that consideration of
nitrogen levels in the 160 and 240 minute half-time tissues was necessary
for construction of safe decompressions. Although the schedules for the long
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TABLE 11
Tabulated Values of Time Function Illustrated in Figure 33 (From Workman (11))
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TABLE 12

Mazimum Allowable Tissue Tension (M) of Helium for Various Half-time Tissues
to Permit Ascent from Depth Listed (From Workman (11))

DzeprH 0F DECOMPRESSION STOP

Ddt)........ 10 20 30 40 50 60 70 80 90 | 100
A(ft)........ 43 53 63 73 83 93 | 103 | 113 } 123 | 133
(M) (FEET OF SEA WATER EQUIVALENT)

H (min)
5 86 | 101 116 131 146 161 176 191 206 221
10 74 88 102 116 130 144 158 172 186 200
20 66 79 92 | 105 | 118 | 131 | 144 | 157 | 170 | 183
40 60 72 84 96 | 108 | 120 | 132 | 144 | 156 | 168
80 56 68 80 92 | 104 | 116 | 128 { 140 | 152 | 164
120 54 66 78 90 | 102 | 114 | 126 | 138 | 150 | 162
160 54 65 76 87 98 | 109 | 120 | 131 | 142 | 153
200 53 63 73 83 93 | 103 | 113 | 123 | 133 | 143
240 53 63 73 83 93 | 103 | 113 123 | 133 | 143
AM/A10 FEET DEPTH
H (min)...... 5 10 20 40 80 120 160 200 240
AM (ft)...... 15 14 13 12 12 12 11 10 10

dives never became completely satisfactory, it was felt that they were ade-
quate for the purposes of this table, which was for emergency use in the case
of a diver trapped at depth beyond the times of the standard air tables. It
was still believed, however, that for helium-oxygen diving the 150 minute
half-time tissue is the slowest which need ever be considered significant in
decompression.

In the standard decompression tables as the bottom time increases the
obligated decompression increases at an accelerating rate since a controlling
amount of inert gas dissolves in the more and more slowly desaturating
tissues. Earlier decompression tables expressed a preference for certain
schedules which were felt to represent the optimum balance between dive
(work) time and decompression (1, 5). The advantage offered through
application of the saturation dive technique is that, after some finite inter-
val, the body is completely equilibrated with inert gas at the pressure of the
exposure and the decompression obligated is limited by that amount.
Further exposure should result in no increase in the decompression require-
ment, and the ratio of dive time to decompression time again becomes more
and more favorable. Since the body is completely saturated with inert gas,
the decompression would be regulated by the rate at which the most slowly
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F1a. 34. Stenuit’s dive to 200 feet, Villefranche, 6-10 September 1962

desaturating tissue gives up its gas. Since this tissue would control the whole
ascent, the technique of a uniform rate of ascent appeared attractive for
decompression.

Tn Stenuit’s dive to 200 feet for 24 hours during the Link expedition of
1962 the stage decompression (Fig. 34) used was inadequate and bends was
obvious at 55 feet. Decompression subsequent to the return to 70 feet for
treatment was much slower and taken in small steps, but still used the
stage technique. A stage decompression was used again in Phase D of
Operation Genesis for the ascent from 100 feet. Thirty foot ascents with
stops of over 12 hours totaled a decompression of 51 hours.

Following the above studies Mazzone decompressed a number of large
dogs at the Naval Medical Research Institute to test the concept of con-
stant rate of ascent from saturation exposures. This type of decompression
was then successfully carried out in human chamber exposures to 200 feet
at the Medical Research Lab for Phase E of Operation Genesis.

The rate of ascent is determined in a manner similar to the following
calculation for the 300 foot saturation dives conducted at the Experimental
Diving Unit. With a total absolute pressure of 333 feet of sea water, the
inert gas pressure P, would be 31614 feet allowing for 0.5 atmospheres
oxygen pressure. From Table 12 it is seen that the maximum helium tissue
tension to permit surfacing is 53 feet in the case of the 240 minute half-time
tissue. This is 20 feet more than the absolute pressure of 33 feet at sea level.
The allowable maximum increases linearly, foot for foot, with depth and
can be expressed as 20 plus Absolute Depth as in Figure 35. To establish
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the maximum safe pressure head for extraction of inert gas an initial rapid
ascent i1s made to a depth which is 20 feet less than the inert gas pressure of
the body at the depth of exposure. In this example 317 — 20 = 297 feet
absolute or 264 feet gauge depth, which conveniently is 9.0 atmospheres.
The oxygen partial pressure is maintained as closely as possible to 0.5
atmospheres. The inert gas partial pressure in the lungs (P) after the initial
ascent would be 281 feet. The pressure head for inert gas desaturation would
be 317 — 281 or 36 feet. The time required for a tissue to lose 10 feet of
inert gas can be determined for this example from equation 1 as follows:

PT=P0+(P—P0)(F)

where
Py, = 317 ft. = initial inert gas pressure
P = 281 ft. = inert gas pressure in lungs

Py = 307 ft. = Py — 10 ft.
With a pressure head (P — Py) of 36 feet, a 10 ft. loss of inert gas requires
that F' = 0.278 (F' X 36 = 10; F = 0.278). From Figure 3, U = 0.47 when
F = 0.278 and T can be determined for various half-time tissues using

equation 3.
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H T

180 85 minutes/10 feet
240 113 minutes/10 feet
300 141 minutes/10 feet
360 169 minutes/10 feet

An ascent rate of 814 minutes per foot would result in a one foot desatura-
tion of the 180 minute half-time tissue for each foot of ascent. It is obvious
that this calculation is actually for stage decompression with 10 foot ascents.
This is used for simplicity and because it is a conservative approximation
of the constant rate. The actual ascent rate is being determined empirically.

A similar calculation for the 240 minute half-time tissue would result in
an 11 minutes per foot rate of ascent. However, it was stated previously
that the 150 minute half-time tissue was considered to be the slowest which
would ever need be considered in decompression from a helium-oxygen dive.
A rate of ascent which permitted safe desaturation of gas from any possible
180 minute tissue should certainly be safe.

It was nevertheless planned that if symptoms of decompression sickness
should be encountered during this ascent, the chamber pressure would be
increased by the addition of pure helium to the depth of relief. This proce-
dure permits maintenance of the oxygen partial pressure at the predeter-
mined level. Once relief of symptoms was achieved, the subject would be
instructed to exercise the affected part to insure that relief was truly com-
plete, and the pressure would be maintained constant for a period of 60
minutes thereafter. Subsequent decompression would be at the rate of 16.5
minutes per foot (9 hours per atmosphere). This rate would allow sufficient
decompression for injured tissues which could require as long as 36 hours to
achieve equilibration with inert gas tensions. Should symptoms recur dur-
ing this ascent, pressure could again be increased to the depth of relief and
the above procedures repeated. If necessary, oxygen could be breathed
intermittently at depths less than 60 feet to assist in bubble resolution.

During the decompression from the first Experimental Diving Unit
exposure of two subjects to 300 feet for 24 hours (Fig. 35) one diver noted
the onset of a slight pain in one knee at 75 feet. This was mild and was
relieved by the application of warm, wet packs. At 54 feet the pain recurred
in that knee and a slight pain began also in his other knee. His companion
was free of symptoms throughout. The chamber pressure was increased by
the addition of pure helium and at 99 feet his pain was markedly decreased.
The pain was completely gone after one hour. After an additional two hours
at this depth the divers were brought to the surface at a rate of 1614 minutes
per foot.

Another pair of divers completed a similar exposure to 300 feet and were
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decompressed without incident at a rate of 11 minutes per foot. A third
pair of divers were exposed for 24 hours to a pressure of 400 feet on helium-
oxygen and were decompressed at a constant rate of 11 minutes per foot.
This decompression was also completed without incident (Fig. 36).

In the sea bottom dive of Sealab I the decompression of the four divers
from their eleven day exposure at 193 feet was complicated by operational
problems. A constant rate of ascent was programmed for 20 minutes per
foot. The large crane of Argus Island lifted the habitat with aquanauts
inside slowly to the surface. The sojourn had been slightly shortened by the
approach of bad weather and, although the first 20 hours went smoothly,
by the evening of the first day of decompression the surge of long swells
was being felt in Sealab and the dynamometer on the crane recorded peaks
of 15 tons. Several holds on the ascent were necessary and progress at this
point was slow. By the time the habitat had reached 80 feet it was decided
to evacuate the divers and to transfer them to a topside decompression
chamber via a submersible chamber for completion of their decompression.
This necessitated a ventilation with compressed air and decompression
was completed on air over the next 24 hours. The subjects emerged in good
condition. Total decompression time was 5514 hours and was completely
successful in respect to absence of decompression sickness.

In the Link-University of Pennsylvania expedition dive of that same
summer the decompression was planned to follow more closely the format
of the Experimental Diving Unit dives. The divers lived for 49 hours in and
out of a dwelling pressurized to 427 feet and were then brought directly to
the deck decompression chamber (DDC) via a submersible decompression
chamber (SDC). The initial ascent to 396 feet was accomplished during the

400 FEET - 24 HOUR EXPOSURE ON HELIUM - OXYGEN.

L 6 HOMRS CONTINUOUS ASCENT
- AT H MINZFT. {6HRS/33FT }
G SYMPTOMS - 2 SUBJECTS

| ATMOSPHERE AT 400 FEET
3 0% Me 6N -4%02

w0 T a0 300 " a0 500
PANTIAL PRESSURE OF INENT GAS #4 FEET OF SEA WATER

F1e. 36



Decompression after Saturation Diving 119

equalization of the pressure between the SDC and the DDC. Constant
ascent decompression thereafter was at the rate of 12 minutes per foot. The
oxygen partial pressure was maintained at 0.5 atmosphere in the chamber,
but pure oxygen was breathed intermittently, shallow to 30 feet. At 24
feet, just after the termination of one period of oxygen breathing, one of the
divers noticed pains in his right knee. The pain disappeared with oxygen
breathing, but recurred, and was then relieved by repressurization to 43
feet. After a period at that depth ascent began again at a rate of 15 minutes
per foot, also with intermittent oxygen breathing shallow to 30 feet. Per-
plexing symptoms continued in the same diver, but both subjects reached
the surface after a total decompression time of 92 hours (2).

In the Sealab II dive to 204 feet this past year 28 successful decompres-
sions were made at a constant ascent rate of 10 minutes per foot. The length
of the dives was 2 weeks except that one subject, Carpenter, stayed down for
4 weeks. Another, Sonnenburg, was with both Team 1 and Team 3 for two
dives. One diver who celebrated his 50th birthday during the dive suffered
from mild bends pain which began somewhere before the 35 foot level and
which was safely treated by return to 60 feet followed by a more leisurely
subsequent ascent to the surface.

In summary, a number of saturation dives have been made in recent
months and some experience has been gained with decompression at a con-
stant rate of ascent. The method seems practical and is theoretically attrac-
tive. That it is not yet completely safe is proved by the several failures to
prevent bends.

The occurrence of bends following a period of pure oxygen breathing
raises questions about its use as an aid to decompression. Oxygen is a
pharmacologically active agent. As Workman has pointed out elsewhere in
this volume (Chapt. 2}, if we consider only that it displaces inert gas in
the lungs to enhance desaturation we are fooling ourselves. What are the
dynamics of its effect on blood circulation and perfusion? Can we dissect
these effects into local actions and can we remove, sustain, or enhance a
particular effect with complementary agents?

What are the factors governing safe supersaturation and bubble initia-
tion? Why do tissue ratios and M values vary? If one plots the decrease of
tissue tensions after surfacing, it is seen that in 10 or 15 minutes the pres-
sures have fallen in all tissues to a similar level which may represent a true
limit. Perhaps the area under the early portion of the curves (Fig. 37)
represents not the limits of safe supersaturation but the limits of the prob-
ability of bubble formation under these conditions.

We have attempted in the past to develop schedules which are safe for a
large range of decompression susceptibilities. Miles has stated that measures
which increase the comfort of the diver: rest, warmth, food, and hydration
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Frc. 37. Decrease in tissue tension with time. M is maximal for each half-time
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inside a topside chamber, also increase the safety of his decompression
(Chapt. 5). Total time may thus not be a practical problem. But is there

an

y predictability to the bends of the susceptible person, the overage, the

overweight, and the diver who gets bends several times in one location?

A

hat is the relationship of physical fitness, physiological age, and chron-

ological age? Can we develop tests to eliminate from deep diving the in-
dividuals who would be bends-prone in that type of operation and end up

wi

th shorter decompressions which are uniformly safe for the divers se-

leeted?

6.
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12| sames w. muser
Psychophysiological Aspects
of Deep Saturation Expo-
sures in the Sea

Most of the participants in this Symposium are familiar with the varia-
bles associated with living and working in an underwater environment, such
as cold, pressure, visibility, and biological hazards and many have devoted
professional lifetimes to investigating the physiological aspects of diving
and, more recently, of saturation diving.

Physiological investigations are undertaken to satisfy scientific or intel-
lectual curiosity, to gain a better understanding of those factors associated
with increasing the probability of survival, and to determine the effect of
such variables upon the performance of man. This section will be addressed
to the third category.

Let’s ask ourselves why we want to measure performance. Men always
have been measuring cach other’s performance, be it memory, intellectual
capacity, motor skills, athletic prowess or business skill. In the underwater
world we are interested in performance measurement for several reasons:

1) To determine whether man should be included as a free swimmer

2) To increase the probability of survival

3) To better estimate the probability of man performing successfully

4) To establish safety practices and medical limitations

5) To properly select and plan specific tasks

6) To decide on equipment requirements

7) To assist in the selection of performance aids in the form of equip-

ment, drugs, or training

8) Scientific curiosity

There are, of course, numerous additional reasons. It is obvious that in
cach casc we are concerned with determining how well man can do “some-
thing,” either that which we are specifically measuring or some task in
which man plays a role.

Let’s look briefly at some of the environmental and physiological factors

122
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known to influence performance underwater, keeping in mind, in each case,
possible methods to improve performance.

The physical effects of cold on the body as well as its cognitive processes
have been studied for years, both in the laboratory and in the field. The
Sealab II project demonstrated once again that individual differences in
cold tolerance are great. According to the divers, less time was spent in the
water the first few days due, at least in part, to the cold. There seemed to
be general agreement, however, that as the days went on, they were re-
turning to the habitat more because of fatigue or running out of air than
because of being cold. This points out, as have previous studies, that there
is marked acclimitization to extreme temperatures (1-3), and that it would
be advantageous to expose divers to cold for some period just prior to
entering a Sealab environment. This would be of particular importance if a
high level of performance is required shortly after initial exposure. Although
the interaction between personality, motivation and cold tolerance is not
understood clearly, a few studies have been performed which illustrate some
of the problems. For example, Karstens conducted a study in an operational
setting and concluded the following:

“Under conditions of dry cold with no wind, loss of aircraft main-
tenance crew effectiveness at temperatures down to 0° F is small;
below 0° F, outdoor maintenance falls off until it may reach zero for
poorly motivated crews at —30° F; better motivated crews will attain
some degree of effectiveness at the lowest temperatures encountered
without wind. . . .” (4), cited in reference (1).

Cold water tolerance, including its effect on performance has been deter-
mined experimentally in many ways. Various criteria have been used in-
cluding subjective feelings, time in water, as well as specific test results.
Other tests used in dry cold include: visual-motor coordination tasks where
optimal temperatures were found at around 70° F (5); pursuit meter and
alignment tasks (6); and in a further study, “Five dependent variables
were measured: kinesthetic sensitivity, tactile sensitivity, hand-grip
strength, free-movement and pressure tracking, and skin temperature. . . . ”’
(7). Needless to say, much work needs to be done to enable us to predict
performance on a more realistic basis. Later in this presentation I will at-
tempt to show why it is essential to perform more of this work in an opera-
tional or semi-operational setting.

‘Underwater visibility with its inherent problems associated with working
by feel, lack of communication, and bodily orientation, need not be dis-
cussed in detail here. In saturation diving a-la-Sealab, however, the prob-
lems are greatly magnified as are the consequences of mistakes. Many divers
during Sealab II reported that for a substantial part of the time their minds
were pre-occupied with thoughts of becoming lost, especially for the first
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few days. As the topography was learned, the situation improved. There
are available ways of partially alleviating this situation using visual aids.
For example, the use of flexible posts that bend when struck, strategically
placed on the bottom, could be of considerable value guiding a diver in un-
familiar surroundings. The posts could be painted in keeping with recent
data on underwater visibility experiments. In addition, improved under-
water lights can be obtained which take better advantage of sea water
transmission characteristics. Improved diver-to-diver communication sys-
tems will greatly alleviate the general problem of diver orientation. Another
visibility aid suggested in a recent report involves the use of “silt stabilizing
polymers with associated dispensers to eliminate or reduce turbidity stirred
up at bottom work sites.” (8). Each of these possibilities should be studied
in shallow, dark water prior to any deep water tests.

The psycho-physiological problem of fatigue is familiar to all. Equally
familiar is the difficulty in obtaining valid measures of fatigue because of
the confounding interactions of motivation, stress, ete. One of the chief
difficulties is associated with the lack of ability to objectively assess one’s
own physical and mental state or the status of a general situation in which
one is playing a role. This poses a serious threat to the success of any given
venture. Careful studies need to be carried out in which performance and
behavior are measured simultaneously both objectively and subjectively.
Along these lines, the use of telemetered physiological data is becoming
more feasible. IFor example, Almond has miniaturized a Personal Telemetry
Transmitter System developed by the Army MMedical Rescarch Labora-
tories (9). This system transmits seven channels of physiological data on a
commercial I'M band to a receiver 200 feet away. The package at the pres-
ent time is roughly 214 x 414 x 3, inches, including battery. The system was
not designed for use underwater but the employment of such techniques
appears quite promising. Although such technological advances in telem-
etry, miniaturization and data analysis will permit us to obtain data hereto-
fore not available, they will not take the place of a carefully thought-out
general approach to the measurement of human performance.

To begin with, we must begin taking a long-range view of an underwater
program. Now that a series of underwater studies is foresceable, a definitive
program should be outlined by the various scientific disciplines as well as
by the operational Navy for a scquence of manned underwater experiments.
As mentioned earlier, those in this room are interested in measuring human
performance of one kind or another. Because of motivational factors, how-
ever, performance on specially devised tests, whether physiological or
psychological, must be interpreted cautiously. As in many field situations,
the individual taking the test may adopt the attitude that “This is a test
so I will try extra hard.” or “This test is interfering with important things,
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s0 let’s get it over with.” In either case the results must be evaluated care-
fully.

In order to measure performance in an environment such as that found
underwater, we must develop better ways of obtaining valid data while
men are performing “regular” tasks. To accomplish this it will be necessary
for scientists concerned with physiological and psychological assessment
of performance to take an active part in planning underwater experiments.
As tasks (salvage, search and rescue, scientific, ete.) are selected, methods of
determining how well they are carried out can be developed. Only in this
way can a solid body of knowledge be accumulated. Many of us lament the
lack of proper controls in the field as compared to those in the laboratory.
The challenge is to devise good experimental and observational field tech-
niques for obtaining valid data to augment those data gathered under con-
trolled conditions. Such an effort will require the use of modern telemetry
techniques, detailed reporting procedures, and systematic observation. An
overall program could accomplish these ends while at the same time demon-
strating that useful, practical work can be accomplished.

Performance measurement, however, cannot be done on a non-inter-
ference basis, but it can be done on “real” jobs if sufficient planning has
taken place. Such endeavors must accompany laboratory investigations if
we are going to understand truly the limitation of man underwater. We have
much to learn from the Space Program in this regard.

Let’s look briefly now at some specific tasks, how performance might be
assessed and what equipment is available which may improve efficiency.

Although, generally speaking, it is more difficult to perform most tasks
in the water than on dry land, there are exceptions. For example, divers
found during the recent Conshelf III experiment that it was easier and
more efficient to install and repair a 5-ton oil-well head while living on the
bottom than as conventionally done from the surface.

Let’s suppose we wanted to measure overall performance on a task of
this type. Various criteria could be used, e.g., 1) Did they accomplish the
end result? 2) How long did it take? 3) Were there any accidents? and 4)
Were the tools adequate? If we want to plan longer, more complex tasks in
the future, even at the same depths, however, we would want answers to
such questions as: Were there near accidents? Were the men approaching
their physiological limits? Did performance degrade with time? Were there
serious cumulative effects from day-to-day? Could improvements in group
composition be obtained? If future projects are to be carried out effectively,
such information is imperative. By capitalizing on current technology such
a program can in fact be accomplished.

We can think of the environmental variables as falling into two cate-
gories. The first is associated with a threat to survival, i.e., cold, pressure,
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and the lack of available air. The second is the set of conditions or problems
remaining if man suddenly became cold-blooded and water breathing.

With regard to the first category, most of you are familiar with recent
work pertaining to life support systems, heated suits, better SCUBA gear,
extension of decompression tables, etc. You may not be familiar with de-
velopments in the space program which may be relevant to underwater life
support. Elkins, in a recent paper (10), described a rigid, constant volume
pressure suit developed for the space program. This suit is capable of oper-
ating over a range of 3.5 to 7 psi. It is designed for maximum flexibility with
relatively constant torque at the joints over the full psi range indicated.
Because of its rigid structure, the suit lends itself to an integration of the
environmental control system. In the future such a suit could be mated
from the waist down with additional life support supplies and/or a self-
contained propulsion system. The latter would enable man effectively to
become a one-man submersible.

Another product of the space program which shows real promise for
underwater use is a recently designed set of torqueless tools (11). Thus far
developed are saws, drills, hammers, and ratchet wrenches with various
attachments. These zero-reaction tools have been condensed into a kit
weighing 38 Ibs. which also is equipped with work lights. The total weight
can be reduced to 20-25 lbs. with further development. Additional design
work, of course, would be required for underwater adaptation. If more
sophisticated work is to be attempted underwater we must begin to develop
such specialized equipment. It should be mentioned that a variety of new
underwater tools were tried out during Sealab II. The results of these tests
are contained in a recent report released by the Battelle Institute (8).

As has been said many times, particularly in the past year, we are just
beginning to understand the concept and implications of men living in the
sea. In conclusion I would like to say simply that we must start now to
systematically study man as he enters this environment if we are to under-
stand him as he goes deeper. This is necessary in order to better understand
man, to accomplish specific tasks, and to enable us to select and train aqua-
nauts of the future. The joint efforts, closely coordinated, of the working
Navy and the disciplines represented in this room are essential if we are to
accomplish our stated goals.
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Limitations of Speech at
High Pressures 1n a

Helium Environment

It will be instructive to begin by examining the physiological mechanism
that produces speech. Figure 38 shows a mid-sagittal section of a human
vocal tract. Air is forced upward from the lungs through the trachea and
the larynx. The larynx consists of several cartilages and muscles that sup-
port and control the vocal cords. When the speech message calls for voicing,
as it does most of the time, the vocal cords are brought close together, and
the Bernoulli effect in the constricted flow of air between them sets them
in vibration. Their motion causes a pulse-like variation in the flow of airand
thus imparts an alternating component that acts as a source of sound and
is propagated with the speed of sound along the vocal tract. The spectrum
of this sound falls with increasing frequency at a rate somewhat more than
12 db/oct. The periodicity of the vocal vibration is not exactly uniform, but
it is sufficiently regular so that energy is concentrated in the neighborhood
of what would be the harmonics of the average frequency.

The frequencies thus generated are propagated upward through the
pharynx and usually out through the oral cavity and the mouth. If the
velum is dropped, however, an alternate pathway is provided for the sound
to exit through the nasal passages. The nasal sounds are produced by closing
off the oral pathway so that the sound must pass outward through the nose.
If the velum is opened slightly when the oral passage is open, the sound
takes on a nasal quality. If the walls of the vocal tract have an impedance
that is comparable to, or less than, that of the direct transmission path,
sound will pass through the walls, and this, too, will have the effect of
nasalizing the sound being produced.

The study of the acoustical aspects of speech production has been enor-
mously facilitated by the use of electrical analogues. The prevailing view
today is that speech production may be likened to the electrical engineer’s
black box. The black box has a system function, and, when it is excited by
a source function, the output is the result of modifying each component of
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ORAL CAVITY

Fig. 38. A mid-sagittal section of the human vocal tract

the source function in amplitude and phase by the effect of the system func-
tion on that frequency.

In speech there are two source functions: 1) the voicing provided by the
vocal cords, which is the more usual one; and 2) noise produced by constrict-
ing or, in some cases, closing and then releasing the oral transmission path.
Tor certain sounds, e.g., voiced fricatives and stops, both sources are present
simultaneously.

Let us first consider the system function in some detail. The physical
arrangement of the upper vocal tract is pictured in a much simplified form
in Trigure 39. In Figure 39A we have the situation where the vocal tract is
fairly open, i.e., the tongue is low in the oral cavity, and the velum is raised
to cut off the nasal cavity. If the mouth is also wide open, we have some-
thing very like an organ pipe, closed at one end (the glottal end) and open
at the other. The resonant frequencies of such a pipe are given by

c_¢
A4l

f=<==-(02n—-1) n=1,2,3... (1)
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F1a. 39. Simplified representations of the vocal tract. A. Quarter-wave tube model
of the oral tract. B. Entire tract, showing elements that control resonant frequencies.

where ¢ is the velocity of sound in the gas, v is the wave length, and [ is the
length of the tube. In other words, the tube resonates whenever its length
equals an odd multiple of a quarter wave length of the sound. For an adult
male vocal tract, where I & 17 cm, if ¢ be taken as 3.5(10)* cm/sec, the first
three resonant frequencies are 515, 1545 and 2575 Hz. Now of course a real
vocal tract is curved, not straight, and it does not have a uniform cross sec-
tion. Nevertheless, for an open vowel like /®/, the average resonant fre-
quencies for male talkers are 660, 1720 and 2410 Hz (6). These are not too
far removed from the resonances of a quarter-wave tube.

The natural frequencies of the vocal tract are called formants, and they
play an important role in speech perception. Frequencies in the voicing
spectrum that are at, or near, a vocal tract resonant frequency are trans-
mitted very strongly, whereas those that are distant from a formant fre-
quency are transmitted only weakly. The transmission properties of the
vocal tract thus act to modify the spectrum of the voicing. These transmis-
sion properties are controlled by the elements shown in Figure 39B—the
mouth opening, the position and height of the tongue hump, and the con-
nection to the nasal cavity. The formant frequencies are therefore repre-
sentative of the articulatory configuration of the vocal tract and are so
interpreted by the listener. The average formant frequencies for a number
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F1g. 40. Average formant frequencies of several vowels for air [after Peterson and
Barney (6)] and for the expiratory mixture resulting from breathing 809, He and 209,
0. . At the bottom, the long horizontal lines give minimum first-formant frequency
for both air and the helium mixture at 1 and 7 atmospheres.

of vowels produced by male talkers breathing air are shown by the heavy
lines in Figure 40, where the data have again been taken from that of Peter-
son and Barney (6).

I should emphasize that it is relations among these frequencies, rather
than their absolute values, that are the important consideration. If it were
otherwise, it would be impossible to understand the speech of different
talkers, for example, children. But we do understand children, and women,
as well as men, and so it must be relations among these frequencies, though
I hasten to add that these relations are not necessarily simple ratios, that
form the basis for perception. All variations in these relations that would
normally occur as a result of variations in real vocal tract dimensions are
allowed by a listener, but if the variations become too large then intelligi-
bility begins to suffer. We can, of course, learn new relations, and Tolhurst
(8) has reported that participants in Sealab II managed to do this over
periods of a day or so.

As we have already noted, the resonant frequencies in the vocal tract are
directly proportional to the velocity of sound in the gas, and the most im-
mediate effect of introducing helium into the vocal tract is to change the
formant frequencies, shifting them upward in direct proportion to the up-
ward shift in sound velocity. For the particular case where a mixture of
80 % He and 20 % O, was supplied, the velocity of sound in the exhaled gas,
after equilibrium had been established, was 6.3(10)* cm/sec, which is about
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1.8 times the velocity in the exhaled gas when breathing air. Spectrograms
of the speech under these two conditions showed a formant shift of 1.8.
Sergeant (7) reported calculating a velocity change of 1.8 for an almost
identical supply mixture, but his spectrograms indicated the formant fre-
quencies were shifted by a smaller factor. If a shift factor of 1.8 be allowed,
this is outside the bounds of normal variation in air, and the intelligibility
of helium speech is consequently degraded, which is what Sergeant found.
The lighter lines in Figure 40 show the formants shifted by 1.8 for the same
set of vowels.
The velocity of sound in any gas is given by

¢ =Vp/p (2)

where # is the ratio of the specific heat of the gas at constant pressure to the
specific heat at constant volume, p is the gas pressure and p is its density.
This says that the velocity depends on the product of v and the ratio of the
pressure in the gas to its density, but, since the density is directly propor-
tional to the pressure, this ratio is constant, and any variation in velocity
as the pressure changes can only be caused by variation in y. For air the
value of v changes very little with changes in pressure (3), and I have been
forced to assume that the same holds true for other gas mixtures, though it is
difficult to find adequate data upon which to base a proper calculation. At
any rate, most certainly for the case of air and very likely for the case of a
mixture containing helium, the velocity of sound changes very little with
increase of pressure. Thus, to the extent that the value of sound velocity
controls the formant frequencies, they are essentially unchanged by ar
increase in pressure.

Now according to this, speech under conditions of high ambient pressure
should sound no different from the way it sounds at sea level, and this should
apply equally to normal and helium speech. Anyone who has listened to
speech under pressure conditions, however, knows that this is not the case.
Fant and Sonesson (3) have pointed out one of several possible reasons
for this.

For the first formants of several vowels, a Helmholtz resonator is a better
model than a simple tube, and the classical picture of such a resonator is
shown in Figure 41A. The resonant frequency is given by

c A
f=—2_1-r/‘/§ (3)

where ¢ is the velocity of sound in the gas, A is the area and [ the effective
length of the neck of the resonator, and V is the volume of the gas inside.
This formula indicates that closing the mouth (letting A approach zero)
reduces the resonant frequency to zero, but in actuality there is a minimum
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Fig. 41. Helmholtz resonator model for the first formant of vowels produced by
constricting the front part of the vocal tract. A. Partial constriction by mouth or
tongue. B. Complete closure.

frequency below which the first formant cannot go. This is due to the imped-
ance of the walls of the voeal tract, which provides a fixed mass reactance
in parallel with the mass reactance of the air in the neck. So long as this
latter is low, as it must be when A is large, the walls have little effect, but
when A becomes small, the impedance in the neck increases to a point
where the walls provide a shunt path for the sound.

The situation for the case where the mouth is closed completely, which
gives the minimum first formant, is shown in Figure 41B. The resonant fre-

quency is given by
r_ _E_ Awpq
T 2x /‘/pwthg (4)

where A, is the effective area of the vocal tract wall, p,, is the density of the
wall, £, is its thickness, p, is the density of the gas, and V, is the volume of
the gas enclosed. If p,, be taken equal to 1 gm/cm? and ¢, equal to 1 ¢m, this

formula reduces to
¢ Aupy
f=5 ,‘/ 7, (5)

We now have a factor that does indeed change with pressure, namely p; ,
and, since the density is proportional to the pressure, the density at any
pressure other than atmospheric is given by p,(P), where p, is the density
at a pressure of 1 atmosphere and P is the pressure in atmospheres. A more
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general expression for the minimum formant frequency may be obtained by
substituting this product for p, in (5), to wit

Jr = o g/ 2ol = /P (6)
T Ve

where fp is the minimum frequency at a pressure of P atmospheres, and f;

is the minimum frequency at 1 atmosphere. This says that the minimum

frequency at P atmospheres is the minimum frequency at 1 atmosphere

times v/P.

For air, this minimum frequency is about 150 Hz, and, curiously enough,
the minimum frequency is almost the same when the vocal tract contains
the exhaled gas that results from breathing 80 % He and 20 % O, . The rea-
son that so little change occurs is that the increase in velocity in equation 5
is almost exactly counterbalanced by the reduction in density. A calcula-
tion, using the same vocal tract dimensions as those used for the case of air,
gives 160 Hz as the minimum formant frequency. Considering that the
dimensions of individual vocal tracts vary over a rather wide range, we can
take the minimum frequency to be the same for both air and mixtures con-
taining helium, and in both cases this single value will be subject to the
same increase with pressure.

Across the bottom of Figure 40 are two lines. The lower, solid line repre-
sents the minimum formant frequency for P = 1 atmosphere. This can be
seen to be low enough to have very little effect on any natural first formant
of speech for either air or helium mixtures. However, the dotted line above
represents the case where P = 7 atmospheres, i.e., the sea-level value has
been multiplied by v/7 = 2.65. It can be seen that this line is above or very
near the normal first formant of several vowels that are formed by a con-
striction (but not a complete closure) of the front part of the vocal tract.
Under such conditions, the impedance of the mouth opening and the im-
pedance of the walls operate in parallel, and all of these formants are raised
to a point where they have a significantly detrimental effect on the speech
of a talker breathing air. For helium speech at 7 atmospheres, the first
formants have already been raised, with the possible exception of /i/, well
above this minimum frequency. At higher pressures, of course, the first
formants of helium speech would begin to be affected, and the resulting
frequency shifts, added to those already present due to the helium in the
gas, would further reduce intelligibility.

So far we have dealt only with aspects of the system function. Of the
two types of excitation, I shall dismiss noise by saying that the only firm
fact is the experimental one that fricative sounds in air have less relative
energy under pressure, but there is not enough theory to predict what would
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happen in the case of helium speech. Conversely, the voicing is increased in
level, but again no theoretical prediction is possible for the case of helium.

Actually, the voicing problem is very complicated and the modeling
correspondingly inadequate. Figure 42 shows the vocal cords from above
when they are relaxed for breathing. The anterior ends of the two ligaments
are anchored together on the thyroid cartilage, and their posterior ends are
fastened to the vocal processes of the two arytenoid cartilages. To cause
voicing, the arytenoids draw the posterior ends of the cords together, thus
greatly reducing the glottal area. Air from the lungs is forced through this
constricted passage, and the Bernoulli effect causes a pressure reduction in
the glottis. This draws the cords together and begins an oscillation that
builds up to the point where, for normal vocal effort in the chest register,
the cords meet during part of the cycle. For this condition there is considera-
ble wave motion in the tissue surrounding the cords.

Various attempts have been made to deal with voicing on an analytical
basis, and I might cite the work of van den Berg (9), Flanagan (4, 5) and
a doctoral dissertation just about to be completed by Crystal at MIT. Of
these, Crystal’s work is the most recent, but not even this is capable of
predicting voicing periodicity. It calculates glottal area and volume velocity
for a fixed frequency.

At my request, Crystal has put into his formulas the values of velocity
and density for exhaled gas from an 80% He-20% O, supply. The only
significant change is that the instantaneous and average volume velocities
are almost doubled, which is what should be expected in view of the fact
that volume velocity is controlled by the resistance and the mass reactance

Fra. 42. Top view of vocal cords when they are relaxed for breathing. The anterior
ends are towards the top. (Courtesy of P. Lieberman and H. I. Soron, AFCRL).
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of the air in the glottis. Both of these depend on the density in such a way
that the volume velocity increases when density decreases.

When ambient pressure increases, the density increases and the flow of
air is reduced. For air, this reduced flow might account for the roughness
of voicing (3). For a helium mixture, there might not be so much roughness,
since the density is small to begin with. I know of no experimental evidence
one way or the other on this, and I would be glad to be enlightened if some-
one does.

Since there is no real theoretical foundation the only recourse is to experi-
ment, and I shall end by showing some data on voicing periodicities at
atmospheric pressure. Various gas mixtures were supplied to a talker, each
for a sufficient time to establish equilibrium, which was determined by using
a pulse technique to measure the velocity of sound in the exhaled gas.
Measurements of glottal periodicities in the recorded utterances enabled
us to plot distribution functions, and the reciprocal of the median periodicity
is plotted in Figure 43 against measured velocity for each gas composition.
The upper point on the left is for air, and immediately below it is the value
for a supply of 80 % Ny and 20 % O, . The succeeding points were obtained
with the appropriate amount of nitrogen displaced by 20%, 40 %, 60 %
and 80 % helium. There is a downward trend with increase in helium con-
tent, but these data are for only one talker and only a small number of
utterances, so that, on the basis of this evidence, it would be hard to argue
that a significant change in voicing frequency does indeed occur
with changes in gas content. In other words, this corroborates, in general,
observations by Bariny (1), Beil (2), Sergeant (7) and undoubtedly others
to the effect that helium speech does not change the voicing frequency. As
a matter of fact, there would have been little point in doing this experiment
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FiG. 43. Median value of vocal-cord frequency as a function of the velocity of
sound in the exhaled gas. The points give, from left to right, results (without noise
masking the talker’s own voice) from the following supply mixtures: Air; 80% N,—
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were it not for the possibility of investigating feedback (another set of
measurements was made for the same gas mixtures with noise masking the
talker’s own speech to make sure there was no feedback control of pitch)
and the fact that the experimental conditions were more carefully controlled
than anything found in the literature.
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Temperature Problems in
Multiday Exposures to
High Pressures in the Sea.
Thermal Balance in Hyper-

baric Atmospheres

Human thermoregulation in hyperbaric atmospheres introduces many
questions of both theoretical interest and practical consequence. It is the
purpose of the present report:

1. to apply several conventional heat-transfer relationships to the process

of body heat loss under inereased pressure;

2. to present preliminary data on changes in the rate of body heat loss by

convection due 1o the use of synthetic atmospheres;

3. 1o point out areas in which information is lacking and research is

needed.

The properties of hyperbaric atmospheres of particular significance to
those interested in thermal physiology may be considered in several classes
including effects of increased pressure itself, characteristics resulting from
the use of synthetic atmospheres, notably helium, and details of environ-
mental construction and equipment. The question of thermal balance in
hyperbaric atmospheres may conveniently be analyzed in terms of these
categories.

Effects of Pressure Itself

Increased pressure has several inherent effects of theoretical importance
in body heat production and dissipation. In addition, many of the means
of measuring the production and dissipation of body heat are sensitive to
increased pressure.

Increased heat production results from the work of breathing at pressures

138
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which increase density and viscosity of the inspired air (1). The extent of
this increase in heat production will be modified by the use of artificial
breathing mixtures to alter ventilatory resistance or inert-gas uptake (2).

Turning to the matter of loss of body heat, the striking feature of the
hyperbaric environment relevant to this process is increased rate of heat
transfer through the layer of gas molecules immediately adjacent to the
skin. Body heat may still be lost by the routes of radiation, evaporation and
conduction, of course, but it is convective heat transfer which will undergo
the most marked changes under increased pressure.

The rate of convective heat transfer between the body surface and the
enveloping gas may be expressed by the equation

Q. = he A (T, — Ta)

in which @, is the rate of convective heat transfer (BTU/hr), 4. is the
convective surface area (sq ft), and T, — T. (° F) is the difference between
skin and ambient temperatures. The coefficient &, , convective conductance
(BTU/hr/sq ft/° F), depends upon the physical properties of the gas layer
overlying the skin, and upon its movement relative to the skin. If the body
is represented by a cylinder six feet tall with a diameter of one foot, the
changes in natural (3) and forced (4) convective conductance in air may
be plotted as a function of pressure as in Figure 44.

Natural convective conductance, i, , may be calculated from the equation:

k
h, = 013 I (Gr-Pr)o-3

in which k is the thermal conductivity of the gas and L is the length of the surface.
Gr, the Grashof group, is calculated from:

_ gBIA (T, — Ta)

p2

Gr

in which g is the acceleration due to gravity, B is the coefficient of volumetric expan-
sion, L the length, T, and T, the surface and ambient temperatures, and v the kine-
matic viseosity, in compatible units. The Prandtl group, Pr, is equal to the product
of absolute viscosity and constant-pressure specific heat, divided by the thermal
conductivity.

For forced convection, convective conductance, k. , is calculated according to the
equation:

kC (Re)»
he =
D

in which % is the thermal conductivity and D is the diameter of the heat transfer sur-
face. The Reynolds group, Re, is the produet of gas density, velocity and surface
diameter, divided by absolute gas viscosity. C' and n are constants whose values are
selected from empirical correlations, as a function of Re.
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F1c. 44. Convective conductance (h.) as a funetion of pressure and velocity in
air.

The calculations for convective conductance, h., have been extended
to pressures at which inert-gas narcosis would prohibit air breathing, only
to demonstrate how the convective conductance of any gas will increase
with pressure. This example also aims to show that the cooling effects of
air movement are magnified under pressure. This may be an important
comfort consideration in ventilating hyperbaric enclosures. In deriving
Iigure 44, thermal conductivity and viscosity arc assumed to he inde-
pendent of pressure (5, 6, 7, 8, 9).

Besides altering the generation and convective transfer of body heat, in-
creased pressure also changes the response of instruments used to assess
thermal balance. An obvious example is the mercury-in-glass thermometer,
where its use under pressure is not contraindicated on toxicological grounds.
To test the accuracy of mercury thermometers under pressure, a spherical
thermistor one-eighth inch in diameter was first calibrated against a
certified thermometer (National Bureau of Standards) at one atmosphere
absolute. The thermistor was then checked for pressure sensitivity by im-
posing an axial stress of 1,000 psi, which produced no change in the indi-
cated temperature of a constant temperature bath. The bath and thermistor
were then placed in a pressure chamber and pressurized to 5.5 atm. abs.
Twelve clinical thermometers (USN 6515-299-8263) were checked against
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the thermistor, at both 1 atm. abs. and 5.5 atm. abs., and the mean errors
under each condition were recorded following a three-minute immersion at
a bath temperature of 100° I. At 1 atm. abs., the thermometers read erro-
neously high by an average of 0.2° T (8.D. = 0.16). At 5.5 atm. abs., the
mean error was 0.7° F (8.D. = 0.19), a significant difference (p < 0.05).
Higher pressures would be expected to produce larger errors, which could be
avoided through the use of pressure thermocouples, thermistors or other
techniques.

One must also consider the effect of pressure in measuring humidity.
If conventional wet and dry bulb thermometers are used, corrections for
pressure may be necessary when there s significant wet bulb depression;
small errors in temperature may yield errors of 10 to 20 per cent in relative
humidity even at normal pressure. The corrected temperatures must then
be interpreted with a psychrometric chart corrected for increased pressure
(10). Since such a chart multiplies the observed wet bulb depression by
the ambient pressure of the measurement, to give a “sea-level equivalent
wet bulb depression,” any errors in temperature will be magnified by this
procedure. With the sea-level equivalent wet bulb depression and the dry
bulb temperature, both relative humidity and vapor pressure may be read
directly from the chart. Data on the accuracy of this technique are lacking,
however; since molecular interactions may cause deviation from ideal-gas
behavior under pressures encountered in diving, the degree of inaccuracy
should be defined. Aspirating psychrometers are sometimes used in de-
termining wet bulb temperatures, because of their convenience for use in
close quarters. It is likely that the increased density of air under pressure
will prevent the necessary velocity from being developed across the wet
bulb, providing another source of possible error in humidity measurements.

To overcome these difficulties, it is possible to employ hygroscopic salts
and polymers whose moisture content, in equilibrium with the ambient
vapor pressure, varies the resistance of an electrical circuit which is cali-
brated to read directly in per cent relative humidity. Atmospheric satura-
tion may damage these instruments. They also require calibration for
use at pressures where significant departure from the ideal gas laws is
met, about 10 atm. abs. (11). Dew-point hygrometers may prove simpler to
use and interpret in many applications.

The influence of air velocity upon convective heat transfer has been
shown in Figure 44, and its effect upon evaporative heat loss (12) adds to
the need for determining this variable when studying thermal balance.
Most velocity measuring devices are sensitive to changes in gas density
or convective conductance, and thus require calibration at the pressure of
their intended use. The Fleisch or Lilly pneumotachographs are readily
calibrated by displacement techniques (13), and they may also be useful
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in measuring oxygen consumption. Ifor the latter application, low-resistance
displacement meters and vanc anemometers (14) are readily tolerated by
moderately active subjects at 5.5 atm. abs. Calibration problems with the
vane device may outweigh its advantages of portability and low resistance.

Thermal Characteristics of Synthetic Atmospheres Containing
Other Inert Gases

Reliable performance involving judgment and fine motor skills at pressure
above 4 atm. abs. requires the use of helium in breathing mixtures, for most
individuals. Helium’s low density and lipid solubility are believed to under-
lie its low narcotic potency (15). Its heat transfer properties are also of
physiologic interest, since habitable atmospheres at pressures above 10
atm. abs. will consist largely of helium. Other inert gases such as argon and
neon may be included in breathing mixtures during decompression (2).
It is not likely that they will become major constituents of the general
atmosphere of hyperbaric environments, however. I'or thermal balance
purposes, their main effect will be on respiratory heat loss.

Although helium’s high thermal conduectivity, about six times that of
air, enables it to transfer heat more rapidly than less conductive gases,
the difference in the rate of convective heat transfer in helium versus air
is much less than six fold. A number of other physical properties affect
this process (3, 4) and the rate of convective heat transfer reflects the in-
teraction of thermal conductivity with the viscosity, density, rate of flow,
and other propertics of the gas in contact with the body surface, as well
as the geometry of that surface. The convective conductance A, , as defined
above, expresses the overall effect of these interacting properties. Its theo-
retical value may be calculated for any given set of heat transfer conditions.
The changes in A of a helium atmosphere are shown in Tigure 45, as a
function of pressure with parameters of velocity. As in Iligure 44, convective
conductance, k., is calculated by representing the body by a cylinder one
foot in diameter and six feet in height. Comparison with Figure 44 shows
that values of h; in helium are in all cases greater than the corresponding
values in air. Morcover, the ncremental changes in h, due to increases
in cither pressure or velocity are larger for the helium atmosphere than
the corresponding changes in air.

Theoretical values of k. for natural convection, such as those of Figures
44 and 45, can be compared with preliminary measurements made by
Goldman and Breckenridge (16) at a pressure of 1 atm. abs. Their technique
employs a heated copper manikin to determine the insulating value of the
gas layer in contact with the copper skin. Insulation is expressed in “Clo”
units, in which 1.0 Clo is defined as that amount of insulation which will
transfer 3.09 kilocalories per hour per square meter for each degree Fahren-
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Fic. 45. Convective conductance (k) as a function of pressure and velocity in
helium atmospheres.

heit of temperature gradient across the insulator, which for the unclothed
manikin is the gas interface.

Insulation values of air, helium and carbon dioxide gas atmospheres
under quiescent conditions are shown in Table 13, accompanied by thermal
conductivity data (17). Helium, with its high conductivity, has a low in-
sulating value as expected. From these observations, about 12 per cent
more heat per unit time is transferred in a helium atmosphere than in air
or CO., under still conditions at 1 atm. abs. A difference between helium
and air of 16 per cent is predicted by calculations of natural convective and
radiative heat transfer (18). It is pertinent to note that Schreiner (19) has
found increases in oxygen consumption of 30 to 50 per cent among mice in
an 80 per cent helium and 20 per cent oxygen atmosphere at 1 atm. abs.,
compared to controls in air. This larger difference may be explained by
invoking the possibility that forced convection occurred in the mice en-
vironment. The influence of enhanced conductive heat transfer as an alterna-
tive explanation is suggested by the findings of Hall et al. (20), who ob-
served larger differences in insulation than those shown in Table 13, but
whose experimental technique emphasized differences in thermal conduec-
tivity per se.
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TABLE 13
Heal Transfer from Unclothed Copper Mantkin to Atmosphere

INsvLATION VALUE OF
THERMAL CONDUCTIVITY, Gas InTeRFACE, CLO (16)
Gas 32° F BTU/HR/sSQ
FT /° F/FT -
OBRBSERVED CALCULATED
Alr. oo 0.014 0.85 0.80
Heliom. ...................... 0.081 0.75 0.67
COz. .o 0.008 0.86 0.80

Problems in measurement techniques used to assess thermal balance
in helium and other artificial atmospheres are similar to those already de-
scribed. A psychrometrie chart for helium at 15 atm. abs. has been prepared
using perfect gas relationships, and a more precise chart could be developed
by considering the effect of molecular interactions of helium, oxygen and
water vapor (21). Dew point hygrometers or the direct-reading devices
discussed above may provide the necessary data for most thermal balance
work.

Details of Environmental Construction and Equipment

As discussed in the foregoing, differences in body heat generation and
dissipation, and their means of measurement, may occur in hyperbaric
atmospheres due to the increased pressure or due to the use of synthetic
atmospheric constituents. In practice, both factors will operate and will
act in concert with a third factor, the environment itself. Depending on
1ts funetion and its design, the environment will embody structural details
and equipment which may have important influences upon the thermal
balance and comfort of its occupants.

The most obvious environmental factor influencing thermal balance is
the design of the heating, ventilating and dehumidifying equipment.
Engineers skilled in the art are invaluable in this consideration, but may
be hampered by the absence of comfort eriteria which include the effect
of pressure. In addition to the design capacity of heaters, cooking facilities,
lighting fixtures and other electrical equipment will add sensible heat to
the environment, as will its occupants. They may add moisture as well,
as will clothes-drying and bathing facilities, unless separately ventilated.
The insulation material, its thickness and its re-expansion characteristics
following compression form another environmental feature of thermal
balance significance, in combination with the temperature of the outside
nilieu. Concerning the occupants, it would be erroncous to assume that
their activities, clothing, diet, metabolism and possible acclimatization are
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independent variables, for these factors will usually reflect their ability
to adjust to the particular set of environmental characteristics imposed.

Synthesis of Interacting Effects

An example of the interaction of the hyperbaric atmosphere and its
environment in the thermal balance of its occupants is offered by the analy-
sis of Nevins et al., presenting expressions which relate ambient, mean
radiant and skin temperatures for air and helium atmospheres at pressures
up to 61 atm. abs. (22). Assumed in this analysis are several important
variables:

—metabolic rates between 400 and 600 BTU/hr

—convective heat loss by natural convection

-mno evaporative heat loss, because atmosphere is saturated from
free water surface inside vessel

From these assumptions, an expression is developed for an individual’s
thermal balance which may be written:

M—W =25 X108 (T# — Turd) + AL, (T, — T, )12
in which
M - W metabolic rate, BTU/hr
T, = skin temperature, ° Rankine
T. = ambient temperature, ° Rankine
T... = mean radiant temperature, ° Rankine
A, = convective area, sq ft
C. = convection coeflicient, BTU/hr/(° R)!-25
25 X 107® = radiation coefficient, BTU/hr/(° R)?, expressing
Stefan-Boltzman constant and subjects’ area and
emissivity
To apply this expression to the thermal balance of an individual in a hypo-
thetical atmosphere of helium at 20 atm. abs., one may employ the values of
A, (19.5 sq ft) and C, (2.0 BTU/hr/(° R)'-2%) suggested by Nevins et al.
(22) but one must make further assumptions for 75, T,.,, and T,. A
value of T\, = 88°F (548° R) was found comfortable in the U. S. Navy’s
Sealab II (23), and a skin temperature of 92° F (552° R) may be assumed
arbitrarily. If a mean radiant temperature of 80° F (530° R) is assumed
on the basis of insulated walls and abundant internal heat sources, the
maximum amount of heat which the body could dissipate under these
hypothetical conditions would be about 420 BTU/hr. Additional modes
of heat loss such as forced convection and evaporation would be necessary.
Since evaporation may be a necessary route of body heat loss, it should be
recalled that the skin can lose moisture and thus lose heat even in a satu-
rated atmosphere, as long as the ambient temperature is below skin temper-
ature. Saturation of Sealab and Conshelf atmospheres may take place if the
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moisture-generating sources exceed the dehumidifying capability. The low
temperature and limited area of the sea water interface would tend to
minimize its contribution to the total moisture content of the habitats,
as would careful segregation of other moisture sources minimize their
humidifying effects on the general habitat atmosphere.

Conclusions

From this brief survey of the effects of hyperbaric atmospheres upon

human thermal balance, it can be concluded that

10.

1. Increased pressure inherently tends to increase body heat production
and its convective heat transfer, especially in the presence of air
motion.

2. Hyperbaric heltum atmospheres accentuate the increased rate of

convective heat transfer, especially in forced convection.

3. Measurement techniques used to assess thermal balance will often

require correction or calibration to account for the increased pressure
and unusual atmospheric constituents. Corrections based on ideal-gas
laws may require refinement for pressures above 10 atm. abs.

4. Observed and predicted rates of natural convection in air and helium

at 1 atm. abs. from a heated copper manikin are in good agreement.
Extension of such studies to 10-20 atm. abs. will precede attempts
to study thermal balance in humans under these conditions.
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SPECIAL PROBLEMS IN THE ETIOLOGY AND
TREATMENT OF DECOMPRESSION SICKNESS

]_5 ) ALBERT R. BEHNKE

Special Problems in the
Etiology and Treatment of
Decompression Sickness

The participants in this Symposium have applied critical evaluation
techniques to assess the therapy of decompression sickness and they are
providing basic bilophysical data which reveal the nature of mechanisms
involved. We are in a new cra of diving progress featured by saturation
exposures in the open sea to depths greater than 400 feet, and in test
chambers to simulated depths of 650 feet. The facilities and gas mixtures
which are essential in these noteworthy advances, can also be made ready
for a type of hyperbaric therapy at high pressures, if required, and which
was not feasible even for the moribund patient in a previous generation.
Without going into detailed exposition, I will epitomize aspects of some
of the problems which still confront us. If these problems cannot be resolved
here by those specially qualified to discuss them, we will perhaps elucidate
areas of conflicting opinion and outline procedures which eventually may
provide the requisite quantitative data.

The Etiology of Bends

So far it has not been possible to demonstrate the manner in which in-
travascular bubbles produce symptoms, although ischemia, distention of
the vascular wall, and other mechanisms have been analyzed. Nor is the
relation of extravascular bubbles to symptomatology certain. In some re-
markable tests conducted by the Air Force (1), it was found that gas-in-
duced swelling of the ischemic hand at greatly reduced pressures was pain-

148
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less. There is good evidence augmented in recent years by the work of
Gersh and Catchpole (2) that under conditions in which men are decom-
pressed, in contrast to abrupt decompression applied to laboratory animals,
characteristic manifestations of pain (bends), asphyxia (chokes), and
paralysis can be attributed to intravascular bubbles. Even in animals,
Gersh and Catchpole state, “Iixcept for fat tissue (where intracellular
bubbles may occur in the cytoplasmic fat inclusion and also extravascularly)
and for the myelin sheath of nerve fibers, no other extravascular gas bubbles
have been noted. . . . Even in these sites gas bubbles may be seen in blood
vessels before they appear extravascularly; in animals decompressed to
altitude, only intravascular bubbles occur”.

It is with reference to altitude dysbarism that a question has arisen in
regard to discrepancies in the bubble theory. The requirement for use of
“overpressure” in the treatment of the serious cases of altitude decompres-
sion sickness is apparent from the fatalities which occur in the absence of
such treatment (3). Whatever the conjecture as to the etiology of altitude
dysbarism, recompression of patients to pressure above one atmosphere
invariably has been successful.

Although the preponderance of experimental and clinical data implicate
intravascular bubbles as the chief etiologic agent in bends, fat emboli
have occurred to confuse the picture. In dogs rapidly decompressed, bone
marrow emboli have been found in the lungs. There are also products of
tissue breakdown which may contribute to malaise, fever, and shock.
Thus partial circulatory obstruction leads to stasis, hemoconcentration,
clumping of cells, and decrease in coagulation time. There have been pa-
tients with central nervous system involvement who did not respond
favorably even with prolonged exposure at high pressure. Venous obstruc-
tion and hypoxia predispose to development of edema. One may conclude
that bubbles may be regarded as a primary etiologic agent, but there is
set in motion a series of progressive deteriorative changes and secondary
complications which not only are confusing but which may not respond to
recompression therapy. Noteworthy is the fact that except in the spinal
cord, chronic lesions are found only in bones. It is this aspect of decompres-
sion sickness that confers on ordinary bends which are easily treated, a
sinister prognosis if joint surfaces are involved.

Treatment

The prime modus operandt is recompression but there are ailments and
disabilities such as muscular or ligament injury, appendicitis, and coronary
occlusion, clearly not part of the decompression syndrome. Pertinent to the
complications attending too rapid decompression is the important matter
of proper sedation in patients who are irrational or subject to violent motor
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seizures. There is the problem of fluid administration in the treatment of
shock and the matter of appropriate drug therapy to relieve pulmonary
and bronchiolar spasm. In the paralytic, bladder care is imperative. There
is the question as to the advisability of administration of anticoagulants
and antifoaming agents in the attempt to restore normal rheology. Hypo-
thermia and drug therapy have been employed to alleviate edema on the
assumption that it is present in patients who do not respond to pressure
therapy. Even surgical intervention has been suggested to remove frothy
blood.

Recompression Therapy

An earlier generation of investigators in the U. 8. Navy put into practice
two cardinal principles of therapy:

1) The employment of oxygen at relatively low pressures

2) The prolonged residence in compressed air at comparatively low
pressures colloquially designated by Yarbrough (4) as the “overnight soak”,
directed to therapy in the refractive or seriously injured patient. The chief
problem in recompression is whether or not one takes the seriously injured
patient to high pressures, as in U. 8. Navy Treatment Tables 3 and 4. For-
tunately, the mild cases (ordinary bends) which may constitute 90 per cent of
our problem, have in the past been relieved essentially by oxygen therapy or
air at low pressures. As stated by Golding et al. (5), “In the treatment of
decompression sickness it appears to be more satisfactory to use the mini-
mum pressure required for relief of symptoms followed by slow decompres-
sion with occasional soaks, than to attempt to drive the causative bubbles
into solution with higher pressures”. The ultimate criterion of success in
the treatment of ordinary bends (and in the evaluation of decompression
tables) is the absence of aseptic bone necrosis. These bone changes have not
been observed in U. S. Navy divers.

Are High Pressures Required?

This question refers to the therapy in serious cases. In dogs subjected to
massive decompression embolism (6, 7) comparatively low pressure (30 psi)
combined with oxygen inhalation relieves circulatory and respiratory symp-
toms. Bubbles observed in blood vessels at atmospheric pressure apparently
disappear as a result of this logical therapy. Nervous tissue damage how-
ever was not prevented at the low (30 psi) pressure and paralysis frequently
supervened. Pressures as high as 65 psi (6 atm) were introduced into recom-
pression practice primarily to protect the central nervous system, especially
the spinal cord with its specialized, and from our point of view, poor blood
supply. Sufficient animal tests at the time however, were not carried out to
prove conclusively that high pressure therapy was justified.
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Although it may be pointed out that only a small reduction in diameter
of a bubble (e.g., 69.3 to 55.0%) occurs when the pressure is raised from 3
to 6 atmospheres, the volume certainly is halved and this may be the impor-
tant consideration. At lower pressures between one and three atmospheres
relatively small changes in pressure between the range of 5 psi and 18 psi
may mean the difference between fitness and unconsciousness as shown
during the course of treatment over a period of 9.5 days in the remarkable
case reported by Golding et al. (5). Small decrements in pressure during
therapy frequently bring about deterioration out of all proportion to in-
crease of diameter size of bubbles. In the case of a tunnel worker, for exam-
ple, after 1.5 hours at 41-43 psi recovery was complete and the pressure was
reduced to 13 psi. Improvement was maintained at the lower pressure for
approximately 1.5 hours when the patient’s condition suddenly deteriorated.
The eventual outcome was fatal.

In the case of a paralyzed diver who nevertheless was conscious, talking,
and in no respiratory difficulty at 165 feet (6 atm), a decrement on Treat-
ment Table 4 to the 120-foot stop (i.e., In excess of 4 atm) brought about
respiratory embarassment and eventually fatal outcome. Bubble evolution
apparently exceeded resorp*ion during the course of relatively small decre-
ments in pressure,

The additional overpressure required to treat altitude decompression
sickness is a case in point. The five-fold increase in pressure from about
38,000 feet altitude in descent to ground level has not been adequate at
times to prevent mortality.

Quantitatively the effect of relatively small pressure changes may be ob-
served in response of respiratory rate of the anesthetized dog to pressure
change and to air or oxygen inhalation following tachypnea induced by
abrupt decompression from 65 psi (Table 14).

Evaluation of Recompression Therapy

It is not clear what constitutes failure in treatment. If a Hawaiian diver
transported hundreds of miles by air, and in whom an elapsed time of many
hours may exist between onset of paralysis and initiation of therapy, fails
to benefit in accord with a given treatment table, is the table necessarily
at fault? There are objective ways of testing the efficacy of therapy. One
involves animals, the other man, under circumstances that have proved
to be innocuous in the past. The exposure of dogs to a pressure of 65 psi
for a period of 105 minutes, followed by abrupt decompression in 5 to 6
seconds, will bring about widely disseminated embolization that is prone
to involve the spinal cord. The success of a particular regimen of recompres-
sion to bring about complete recovery is prima facie an endorsement of the
procedure. In the initial tests previously alluded to, insufficient numbers of
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TABLE 14
Relationships among Respiratory Rate, Air Pressure, and the Effect of Inhalation of

Air, Oxygen and Recompression in an Anesthetized Dog Rapidly Decompressed
from 65 psi (6 alm)

TmME PROCEDURE SP[RRA]":I'-ORY REMARKS
RATE
12:22 | Exposure to 65 psi 26 105 minutes compression
12:33 | Post-decompression 90 In air 1 atm. Circulating bubbles
observed in blood vessels
1:04 Oxygen, 30 psi 20 Recompression period
1:10 | Oxygen, 10 psi 30 Pressure reduced from 30 psi
1:16 Oxygen, 5 psi 32
1:32 Oxygen, 1 atmosphere 40 Normal barometric pressure
2:30 | Air, 1 atm. 52
3:00 | Oxygen, 1 atm. 40
3:09 Air, 1 atm. 40
3:50 | Re-exposure to 65 psi 22 Air recompression
4:06 | Following second decom- 100 Return to normal pressure
pression

dogs were tested at the higher pressure of 65 psi (air) to establish the success
of this procedure. The frequent occurrence, on the other hand, of paralysis
as a scquel to low pressure oxygen therapy (30 psi), weighed heavily in
favor of employment of higher pressures in the effort to limit or counteract
embolization of blood vessels in the spinal cord.

The tests involving man are two-fold:

la) Saturation air exposures were carried out at the 60-foot level for a
period of 12 hours. This was followed by oxygen decompression as enu-
merated in Table 15. The shift from air to oxygen in this type of test did
not involve a change of pressure initially. Freedom from symptoms was
the criterion of success for this type of decompression.

1b) This comprised an exposure at a depth of 90 feet for a shorter period
of time, 6 hours (about 87 % saturation). During the initial stage of decom-
pression, pressurc was reduced in 2 {o 5 minutes to a level of 60 feet or less
where oxygen inhalation was started. In this type of test, bubble formation
and growth could occur prior to and during the carly stage of oxygen inhala-
tion. The data in Table 15 point out limitations of oxygen inhalation in
prevention of bends.

2) The second procedure was devised by Van Der Aue (8) as a test of
recompression tables extant in 1944. Yarbrough and Behnke (4) had re-
ported that 49 out of 50 cases of decompression sickness arising during the
course of helilum-oxygen dives to deep depths (at the time) of 500 fect
responded successfully to therapy in accord with either a long or a short



Special Problems

153

TABLE 15

Evaluation of Oxygen Decompression following Long Exposures in Avr al Relatively

Shallow Depths

EXPOSURE

Periop or Oz
DECOMPRESSION

RESULTS

60 ft for 12 hrs

60 ft for 12 hrs

60 ft for 12 hrs

60 ft for 12 hrs

60 ft for 12 hrs

60 ft for 12 hrs

60 £t for 12 hrs

90 ft for 6 hrs

90 ft for 6 hirs

60 ft for 58 min
5 min to surface

60 ft for 75 min
5 min to surface

60 {t for 63 min
6 min to surface

60 ft for 30 min
30 ft for 25 min
20 ft for 22 min
total time 82 min

60 ft for 87 min
5 min to surface

60 ft for 1 min
50 ft for 2 min
40 ft for 28 min
30 ft for 32 min
20 ft for 40 min
10 £t for 51 min

60 ft for 2 min on air
40 ft for 75 min on Oz

5 min to 40 ft
40 ft for 102 min on O2
4 min to surface

5 min to 40 ft
40 ft for 116 min on Oz
4 min to surface

Pain in chest. Deep inspiration elicits cough reflex, 2.5 hr
following decompression.

4.0 hrs pain in both knees.

Recompressed.

3.5 hrs, swelling, redness right lumbar area, interscapular
dermographia.

5.5 hrs, knee pain.

Recompressed.

2.5 hrs, substernal soreness on deep inspiration, ECG
negative.

5.0 hrs, chest feels better, pain in knee.

Recompressed.

3 hrs, pain in both knees (heads of tibiae).
Recompressed.

Recurrent attacks of nausea while breathing Oz at 60 ft.
1.5 hrs, shifting pain in right arin, X-ray negative.

3.5 hrs, fatigue, pain in arm, leg.

Recompressed.

2.5 hrs, stiffness left knee, paresthesia left leg.

22 hrs, left knee felt “rubbery”’, some pain felt in quadri-
ceps tendon on standing or coughing but not lying
down.

No symptoms.

Oxygen inhaled 135 min at surface.
No symptoms,

Oxygen inhaled 60 min at surface.
No symptoms.

oxygen table outlined in Table 16. Van Der Aue’s ingenious and innocuous
procedure centered in a preliminary one-hour work dive (air) at a simulated
depth of 130 feet followed by standard Navy decompression. Normally
decompression sickness did not supervene. If in the course of one half to one
hour following decompression, a repetitive exposure in the guise of a treat-
ment table was given, then success or failure of the table was evaluated
by subsequent absence or occurrence of bends. The results showed con-
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TABLE 16
Descriptions of Short Oz Table and Long O, Table with Assessment by Van der Aue’s
Procedure of the T'wo Treatment Tables tn 1944 at the Experimental Diving Unit
for Therapy in Decompression Sickness

DEPTH (FEET) 165 140 120 100 80 60 50 | 40 SURFACE
Short oxy- | Gas breathed Air | Air | O3 | O3 | Os | O
gen table
Duration of stay 30 | 12 1 30|30 |30 |5 min to
(min) surface

Long oxy- | Gas breathed Air | Air | Air | Air } Air { 021 02 | Oz | O
gen table
Duration of stay| 30 | 12 | 12 | 12 | 12 [ 30 {30 | 30 | 5 min to
(min) surface

Van Der Aue Assessment

SuccEssFuL |UNSUCCESSFUL
TREATMENTS | TREATMENTS

Short Os table. . .......... 6 0

Long Oz table............ 5 5

clusively the efficacy of the short oxygen table and the ineffectiveness of
the long table. Although treatment of helium-oxygen complications, fre-
quently severe and attended by chokes, edema, and shock, was satisfactory
in accord with the long oxygen table, it was a failure following air dives.

It is this type of controlled test procedure that is recommended for evalu-
ation of modifications in the U. 8. Navy Treatment Tables.

Toxic Partial Pressures of Oxygen

The high partial pressure of oxygen in air at high pressures may not be
fully appreciated. At 165 feet (6 atm) Po, is 1.26 atmospheres. In one long
air treatment table outlined as therapy for critically ill patients, the partial
pressure of oxygen in compressed air inhaled over a period of nine hours was
cquivalent to more than one atmosphere of oxygen.

Various Gas Mixtures In Pressure Therapy

The relative rates of diffusion of several inert gases may be taken ad-
vantage of in recompression practice. Apparently air recompression is
effective in expediting climination of helium in the treatment of helium-
oxygen bends. It does not follow that the reverse is true and a shift to a
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rapidly diffusing gas as helium may actually enlarge nitrogen bubbles.
Mention is made of this problem for discussion.
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The Treatment of Decom-
pression Sickness Develop-
ing at Extreme Pressures

In 1961, before the resumption of experiments in deep diving by the
Royal Navy, the question of what should be done if decompression sickness
developed before reaching the surface had been given some attention, since
such cases had been reported by the Admiralty Diving Committee (1)
following deep dives on air. The rather naive conclusion reached at this
time was that if these cases required a similar pressure ratio to that used
in treating cases occurring at the surface, it might be necessary to compress
to 300 feet. A theoretical treatment schedule was therefore produced which
fortunately was never used, since it would have been ineffective, but which
for case of calculation employed ‘stops’ of equal length with progressively
decreasing pressure intervals between the stops. This latter idea is the only
fragment which has survived from the early theoretical period into the
present cra of primitive pragmatism since it has practical virtues for tired
timekeepers during long decompressions.

In 1963 during the course of a simulated dive to 500 feet our first case
of decompression sickness occurred at depth. The diver concerned had
carried out a working dive of eleven minutes at 500 feet and after 5 minutes
at the 150 foot stop he complained of severe pain in the right side and
loin. Since he had only seven minutes remaining at the 150 foot stop, and
was due to change from a 90% He-10% O, mixture to a 60% He-40% O,
mixture on rcaching 140 feet, decompression was continued and the diver
examined at 140 feet.

On examination he showed a loss of power in all muscle groups in the right
leg with brisk reflexes, and he also complained of pain and tingling in the
distribution of the right 5th lumbar nerve. After three minutes on 60 %
He-40 9% Os improvement began and decompression continued on the origi-
nal schedule, the diver having no symptoms by the time he reached 100
feet, nearly one hour after the time of onset.

The second case occurred nine months later after an exposure of two
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hours at 800 feet. One of a pair of divers developed vertigo after nearly an
hour at the first stop, which was 490 feet. The symptoms of dizziness,
nausea and vomiting were sufficiently unusual to make it difficult to decide
whether they were due to decompression sickness or not. It was decided
to continue the decompression to 340 feet, the second stop, where after
about 30 minutes the first diver developed deafness in one ear and loss of
coordination, while the second diver also developed vertigo and began
vomiting.

Both divers were recompressed to 400 feet with some improvement and
after 2 hours at this pressure decompression on distinctly ‘ad hoc’ lines
was begun. Following a series of attacks of bends pain on the way to the
surface both divers emerged with some residual signs 42 hours later.

Depth of Onset

In all, since October 1963 we have had 37 cases of decompression sickness
occurring en route to the surface during deep dives on oxy-helium. This
however takes no account of the many recurrences following initial treat-
ment, each of which posed the same problems, and helped to lead toward
the solutions proposed.

Of the cases being considered, seven managed to continue to the surface
either on the original schedule or with the addition of time to the later
stops. The remaining 30 cases required recompression.

The depth of onset of symptoms, the depth of relief and the absolute ratio
of these depths for the 23 results available is presented in Table 17.

The first point which should be made about these figures is that there
does not appear to be a significant alteration in the pressure ratio used for
treatment with the depth of onset of symptoms. With one exception all the
values lie below a ratio of 2 to 1 and if only cases of bends pain are con-
sidered the mean treatment ratio for these is of the order of 1.3 to 1.0.
If one prefers to view this in another way the pressure difference (AP)
required to give relief is usually 60 feet or less.

Treatment Ratio

The low treatment ratio which suffices for cases at raised pressures is a
rather curious finding, since when applied to ordinary cases it would predict
that most bends should respond to treatment by recompression to 10 feet,
while the remainder should be cured by recompression to 33 feet, and
neurological cases might only rarely need be treated by reexposure as
deep as 165 feet, all of which is quite contrary to experience.

Are the cases which occur at depth in some way different from those
which occur at the surface? So far as the clinical findings are concerned
there is no difference in their severity, type, or distribution. As far as the
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TABLE 17
Recompression Treatment for Cases of Decompression Sickness Occurring at Depth
DEPTH OF ONSET DEPTH OF RELIEF DRPTH OF ONSET DEPTH OF RELIEF
™ reeT (Gauce) [N Feer (Gavar) Ramo L (Abs) ||~ FeeT(Gavee) [iN FeeT (GAuGE) Rario o (Abs)
P, P, P2 P2 P, P2
8 20 129 98 108 1-08
9 40 7% 128 35 1-06
10 25 -3¢ 125 165t .22
20 40 1-38 150 260 160
30 40 118 165 200 18
40 366t 540 170 230 1-30
41 13 1419 210 450% 1-99
45 70 1-32 220 240 1-08
50 75 1-30 230 450% [F-%3
55 70 117 260 450% 1-65
55 75 .23 340 400% 1116
80 130 {-33
T NEUROLOGICAL INVOLVEMENT.
* VERTIGO.

The initial depth of onset of symptoms, the depth at which relief was observed and
the absolute ratio of these two depths is tabulated above.

latter point is econcerned, the incidence of bends in the lower limbs following
deep dives is some two to three times the incidence in the upper limbs for
either group of cases.

In addition to the difference noted regarding the treatment ratio, there
is a further remarkable feature of bends developing at high pressure. On
many occasions during treatment it has been noticed that even the slight
pressure fluctuations due to flushing through the chamber can alter the
severity of symptoms. Variations of one foot in 80 have produced noticea-
ble changes and pressure changes of three to five feet almost invariably
cause comment.

There is moreover a marked difference in the time course of cases of bends
occurring at depth. The pain often comes on immediately and acutely
following a pressure drop but may then regress; this in general is not true
of bends occurring at the surface which take some time to develop following
an initial latent period.

These considerations suggest that there are at least two ways in which



Sickness Developing at Extreme Pressures 159

bends pain may arise. While either may occur in a given situation, one is
more common at depth and the other at the surface. This is perhaps re-
lated to the two different ways in which bubbles are assumed to grow,
either by physical expansion according to Boyle’s Law or by inflow of gas
from tissues at a higher gas potential. Simple expansion seems to be the
type of mechanism which would best fit the facts but of course assumes the
presence of ‘silent’ bubbles.

Principles of Treatment

In order to translate these experiences into some sort of guide for treat-
ment it is necessary to explain the assumptions used and the way in which
they were employed.

The primary assumption was that pressure cures decompression sickness,
that at whatever depth symptoms may occur there is some greater depth
which will bring relief.

The second assumption was that, having stayed for some arbitrary time
at the pressure of relief, there was some unknown path to the surface which
would bring the divers back safely.

Thirdly, that it was possible to find the ideal decompression by the
method of seeing what was and what was not safe.

However there are numerous factors which in practice complicate the
simple assumptions outlined above. From the point of view of analysing
the results, the most frustrating of these is that each case is unique, the
history of each exposure is different either in its time-course, the composi-
tion of the gas breathed, the amount of work performed at depth or any
other variable which one might consider.

Technique of Treatment

When symptoms developed decompression was halted. If the symptoms
regressed it was frequently possible to continue the decompression, however
if the symptoms persisted then recompression was essential. It was usual
to apply the pressure at about 25 feet per minute proceeding to some pre-
selected depth. The pressure would then be held for up to 15 minutes to see
whether or not improvement occurred, if it did not or it was only partial
then recompression continued to a greater depth. The end-point was reached
when the patient said that no trace of his symptoms remained.

The length of time spent at pressure has varied from 15 minutes to 2
hours but in general it seems that 20 to 30 minutes is an adequate stay
for bends cases. It is not clear whether a longer stay is necessary for those
cases showing neurological involvement, but it has been the practice to use
a longer time at pressure as a precautionary measure.

Decompression following treatment has followed various courses, either
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stage decompression, a steady pressure-drop or “bleed” or a combination of
these methods. Either of the two principal methods is satisfactory. We have
found that a useful rough guide is to leave the depth of relief at 20 feet per
hour to about 165 fect and then to slow to a decompression rate of 10 fect
per hour from 165 feet to the surface.

The recurrence of symptoms is in our experience quite frequent, but
cven more common perhaps since dives are always carried out by a pair
of divers is the development of decompression sickness in the diver who was
previously unaffected. As in the initial onset there seem to be two possible
outcomes, either the symptoms regress, in which case after about 30 min-
utes decompression may restart at a slower rate than before; or the symp-
toms may be severe initially or become worse, in which case one must re-
compress, again to the point of complete relief.

Learning by Mistakes

While the object of each treatment was to alleviate symptoms, it was
obvious that there was much to be learned from mistakes. The eventual
hope was to produce a treatment schedule which by its success would pre-
clude the collection of what might be regarded as experimental data, much
as the success of the current treatment tables has tended to restrain progress
in their improvement.

The method for guiding the progress of the carlier treatments was crude
but seemed to work. Each schedule as it developed was plotted on a master
graph, with minor mishaps marked in red. On subscquent occasions the
decompression was designed to avoid these red zones. The assumption used
was that recurrences were due to too rapid a decompression and that there-
fore they might be avoided if each critical depth was reached at a later time.

When some six treatments had been plotted in this way the graph became
so congested with black lines and red marks that the development of some
approximate rule became essential.

Inspection of the composite curve showed it to be approximately expo-
nential in form, with a faster rate of pressure-drop at depth than was toler-
ated nearer to the surface. Over the last part of the curve it was observed
that the decompression time for 33 feet to the surface was about 6-12
hours. With this information the following working rule was produced:
It should be safe to drop the pressure by an amount corresponding to a 2:1
ratio providing that some six to twelve hours is taken in the process.

The decompression times contained in Table 18 are plotted in Iig. 46
together with the two ‘limits’ proposed by the working rule to give some
idea of the range of decompression rates which might be expected. Since
the time spent at maximum depth depended on the whim of the doctor
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TABLE 18
Decompression Time for Cases of Decompression Sickness Occurring at Depth
DEPTH TIME AT DECOMPRESSION DEPTH TIME AT DECOMPRESSION
OFf RELIEF MAXIMLM PRESSURE TIME OF RELIEF MAXIMUM PRESSURE TIME
FEET HOURS MINUTES |[HOURS. MINUTES FEET HOURS, MINUTES HOURS., MINLTES
20 — 30 | 42 135 — 30 27 rd
24 — 30 ! — 165 — 30 26 59
25 — 30 S t 23%0 | — 37 29
40 8 — 4 52 240 2 — 29 29
40% — 30 ! 210 260 A— 20—
40 — 30 7 48 366 1 30 29 1o
70 1 — 1] 33 400 2 — 42 12
70 3 — 9 i5 4s0 2 — 27 23
75¢ — 30 14 45 450 — 30 3¢ 55
78 | —_— 14 to 450 -_— 20 29 =)
105 2 — 22 12
% TREATMENT FOLLOWED &Y RECURRENCE.

The depth at which recompression produced relief of symptoms, the time spent at
this depth, and the subsequent decompression time to the surface is tabulated above
and plotted in Figure 46.

concerned, there is a degree of uncertainty which has been represented by
plotting the total time also.

Conclusions

In considering the number of cases which we have now treated it is
reasonable to try to refine our previous rule-of-thumb method and to see
what progress has been made. Two of the most recent treatments are plotted
in Tigure 47. The first of these began as a severe case of bends at 40 feet
which became worse during recompression, with neurological involvement
of the right arm. Both divers were symptom-free at 366 feet where they
were held for 2 hours. Decompression was completely uneventful on a two-
part continuous ascent. The second treatment was for vertigo which began
at 210 feet and was cured by recompression to 450 feet. After 20 minutes
at this depth a slow ascent was carried out to 420 feet where the pressure
was held for one hour. A series of stops was then begun, using a ratio of 1.3



162 Etiology and Treatment of Decompression Sickness

500
400
i~
2
o
z
2 3001
"
—
5]
-
[
Q@
e
~ 2001
T
-
&J R Trectment followed by
o recurrence at the surface
100 ——— Decompression Time
Total time including stoy
at maximum
5ft/hr Theoretical ascent rote and
path to the surface
0 = B ! 1 )
0 10 20 30 40 50

TIME (hours)
F1c. 46. The information given in Table 18 is plotted as depth of relief against the
time required for decompression. Two theoretical decompression curves have been
superimposed on the data.

to 1. Reccurrence at 90 feet was treated by recompression to 130 feet and
the decompression by continuous ascent. The points to notice about these
treatments are firstly that a series of 1.3 to 1 ratio drop can be tolerated
over a wide range of pressure, and secondly that the slope of the latter
part of the two treatments is the same.

On the scanty evidence presented by some 20 individual recompressions
it is suggested that:

a) The tolerable decompression rate after relief is proportional io the

absolute pressure.

b) That a safe rate of decompression can be achieved by carrying out a

decompression ratio of 1.3 to 1 in 5 hours.

From the first assumption we can derive an expression of practical value
which gives an approximation to the suggested ideal curve as follows.

The rate of decompression in time ¢ from a pressure P; to a lower pressure
P, can be expressed as (P1 — Py)/t. If the relation between P, and P,
is expressed by the pressure ratio r, such that PP, = Py/r, then by substitu-
tion
1 — (1/)'):|

Rate of decompression = Pll: ;
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Frc. 47. This represents the time-course of two treatments. The first 1) a bleed
from 366 feet, the second 2) which employs stops on a 1.3:1 ratio throughout most of
its course, has been plotted so that the time of arrival at the depth of relief coincides
with that of treatment 1.

If the numerical values for r and ¢ which have been suggested are incor-
porated, this becomes:

Rate (feet/hour) = (Pans) (0.046) (1)

This expression however only allows successive approximations to be made
for each five hour period and a more refined approach is to use a decompres-
sion curve of the form:

P,= Py ™

where P, is the pressure of relief and P, is the pressure after time ¢. This
becomes

P, = P, e—o.oaz: (2)

when the pressures are measured in absolute units and ¢ is measured in
hours.
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This gives a time constant of 19.2 hours or a half-time of 13.3 hours.

In practice there are several ways of employing the expression given
above:

a) The initial rate from expression (1) may be used until five hours have
passed, when the calculation must be repeated to determine the rate
for the subsequent five hour period.

b) Decompression rates may be calculated beforehand by generating
the curve given by expression (2), and this decompression curve
joined at the pressure of relief.

¢) Ratio drops of 1.3:1 with 5 hour stops may be used instead.

It should however be made clear that these ideas are tentative and that
there has been no opportunity recently to test their validity. They are
however relatively flexible and can be modified in the light of experience.

In conclusion it may be remarked that while the disadvantage of prag-
matism is that we remain largely ignorant of what we are doing, the ad-
vantage is that it works.
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Minimal-Recompression,
Oxygen-Breathing Method
for the Therapy of Decom-

pression Sickness

The Need for an Alternative to Standard
Recompression Procedures

A condensation of the epidemiologic framework of this study is provided
by Table 19, which has been compiled from hitherto unpublished data and
from the reliable repositories of diving casualty information (18, 23, 28,
32, 34-36, 41). In this table and in succeeding paragraphs, attention is
directed upon results of initial trials of recompression. Ultimate disposition
of persisting morbidity (the ‘“recurrence” and the “residual”) has, for
the following reasons, been virtually ignored: a) prompt, permanent relief
is intrinsically desirable and must be consistently obtainable, and b)
initial recompression table results provide a simple and unbiased index of
therapeutic satisfaction, susceptible to statistical evaluation and analysis.
It is true, of course, that remarkable recoveries have occurred during re-
treatment following poor or partial responses to immediate recompression.
Occasionally the resolution of a catastrophie situation has been substantial
and perhaps lifesaving, but real, though proportionately unimportant
morbidity has persisted.

One hundred thirty-three casualty experiences in which U. S. Navy
recompression treatment tables (40) were used in the management of
decompression sickness were reported to the Experimental Diving Unit
during 1963-1964. Initial recompression exposure did not produce com-
plete relief in 32 instances (24 %), and all but three of these therapeutic
failures were encountered in association with recompression according to
treatment table 3 or table 4. 62 patients (46 %) treated with tables 3 and 4
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provided 91% of the clinically unsatisfactory results. The cumulative
casualty management experience (from Table 19), amended to include
calendar year 1965, is as follows:

Initial recompression: 1120 Initial table 3 and table 4: 318 (28.9%,)
Relieved: 959 Relieved: 228
Percent not relieved: 14.4 Percent not relieved: 28.3

Treatment Outcome-—Antecedent Exposure Severity

All cases were assigned to one or the other of two categories which are
grossly descriptive of casualty precipitating circumstances: cases arising
in relation to diving practices not in accordance with those promulgated
by the U. S. Navy Diving Manual were termed “non-standard” dives;
all others, presumably managed with more uniformly-conservative conduct,

PERCENT
OF
ALL
CASES

Tt

8

snes

Fic. 48. Cumulative percent curves: cases treated (U. S. Navy tables), cases
treated after “non-standard’ dives, and results of treatment.
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were termed “standard”. A Spearman rank correlation coefficient (1)
computed for percent of cases subsequent to non-standard dives and per-
cent failure of initial recompression was 0.86 (5 df, p < 0.02). During
1963-1964, for example, this association, for treatment table 3-table 4
results, was 100 percent. Figure 48 traces this relationship of total caseload,
casualty source, and therapeutic effectiveness for the entire 19-year report-
ing period. Table 20 has been derived from Rivera’s report (34), to illus-
trate a particular aspect for therapeutic concern.

It was concluded, in this manner, that current U. S. Navy recompression
treatment procedures provide reliable, efficient schedules for those divers
stricken subsequent to exposures conducted with reasonable caution and
conservatism, and that they are, in general, not adequate for prompt,
successful management of severely injured patients following grossly-
inadequate decompressions (25).

Important Aspects of Decompression Sickness
Treatment Techniques

Among the general considerations or concepts which were consciously
employed in evaluating alternative therapeutic approaches were the follow-
ing: a) at this time there is no effective alternative to prompt recompression;
b) in, e.g., explosive decompression, when there are presumptions of mas-
sive, disseminated intravascular bubble formation and functional oblitera-
tion of both cognate and collateral microvasculature, recompression must
be both prompt and substantial, to reduce bubble size (7); ¢) recompression
procedures must be practical, with respect to compatability with deployed
facilities, and logistically feasible, with respect to gas mixtures, cylinder
inventories; d) final determination of therapeutic efficacy should be ad-
judicated with chronie, long-term criteria in addition to the acute standard
of, “relief-no relief” and the artificial one of, “success-failure”. Definitive

TABLE 20
Results of Recompression Therapy with U.S. Navy Treaiment Table 4,
1946-1961. (Data from Rivera (34).)

N RELIEVED % UNRELIEVED
Initial recompression.............. 57 27 52.6
Second recompression............. 56 18 50.0
Third recompression. ............. 5 1 80.0
Fourth recompression............. 2 1 50.0
Fifth recompression............... 1 1 0.0

Total..................... ... 101 48 52.5
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criteria ought to include, e.g., aseptic bone necrosis, pulmonary oxygen
toxicity and residual functional impairment or disabilities.

Theoretical Basis of the Therapeutic Schedule

Resolution of Bubbles and the Level of Maximal Re-application of Pressure

An expression to relate the rate of change of the radius of a bubble and
time at a given ambient pressure has been derived from the general gas
law and Fick’s first law of diffusion by Wyman, Scholander, Edwards
and Irving (47):

dr Aa P — Py
A E
in which

r = radius of the bubble

t = time

R = gas constant

T = absolute temperature

A = diffusion constant of the gas in water

a = solubility constant of the gas in water

d = thickness of the diffusion shell

P = pressure within the bubble

P, = partial pressure of the gas in the fluid surrounding the shell

The bases of this relationship are that the pressure within a spherical bubble
depends upon the volume of the bubble, and the quantity of gas which
escapes from it by diffusion depends upon the surface area of the bubble.
For each value of P, corresponding to any stipulated depth, the bubble
radius should decrease in a uniform manner with time. (Pressure due to
surface tension is a significant factor only when bubble diameter is less
than 0.10-0.09 millimeters.) Wyman’s results indicate that the lifetime
of an air bubble of given size should not appreciably vary with depth
below a limiting depth of 10-15 meters. Recompressions to depths greater
than 60-66 fect, therefore, probably provide little advantage in rapidity
of bubble resolution except for the additional reduction of bubble diameter
(0.693 at 66 feet to 0.550 at 165 feet). However, as ambient depth is in-
creased with compressed air breathing, the uptake of nitrogen into solution
in the fluids surrounding a bubble will increase at a rate which is propor-
tional to the increased exchange gradient. The rate of inert gas diffusion
out of the bubble diminishes correspondingly. When nitrogen supersatura-
tion occurs, during the subsequent decompression, persistent bubbles will
enlarge because both osmotic and dynamic equilibria must be maintained.
It is interesting, in this regard, to recall that in their proposal for re-oxy-
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genation orientation of decompression sickness management, Behnke and
Shaw (7) specified that a mixture of 50 % oxygen-50 % nitrogen was to be
breathed during reapplication of pressure to 75 psi.

Gas Exchange and Tissue Oxygenation

Considerable advantage can be gained in bubble resolution processes
by maintenance of the gas exchange gradient from the bubble to the
circumjacent fluids (P — P,). This advantage occurs during oxygen
breathing and can be exploited at depths where oxygen can be used with
safety (10). The time-course of this gas elimination gradient is maintained
optimally throughout the entire oxygen-breathing period and, therefore,
reductions of ambient pressure are unlikely to permit or facilitate bubble
growth through attainment of osmotic equilibrium with supersaturated
tissue-fluid inert gases. When air is breathed during therapeutic recom-
pression, bubble growth by such mechanism is feasible.

Of equal or surpassing importance, however, is the tissue oxygenation
which occurs and which aids in functional restoration of tissues rendered
hypoxic by the ischemic actions of bubble emboli. Collateral channels can
supply hyperoxygenated blood to tissue sites affected by emboli impacted
within cognate arteriolar vessels. If reflexogenic vasoconstrictive effects
of bubble emboli are diminished by re-oxygenation, the tissue perfusion
thereby enhanced will favor bubble resolution. Hyperoxia-induced reduc-
tions of peripheral blood flow (20, 45) do not significantly influence thera-
peutic progression, as compared to diving-decompression theory in which
the uptake and elimination of gases is computed or integrated through a
spectrum of hypothetical, perfusion-rated, inert gas reservoirs or compart-
ments. With reoxygenation of hypoxic tissues, and the patient respiring
inert-free gas, rapidity of bubble resolution seems not likely to be of decistve
concern,

Sequelae of Iinpaired Perfusion and T'issue Injuries

Perfusion alterations may result whenever tissues are morphologically
distorted by expanding extravascular gas pockets or harmed by vascular
occlusions (13, 22). Regardless of mechanism, however, the elimination of
inert gas from within bubbles will be compromised because of stagnation
of the contactant blood (4, 6). Perhaps the most important pathophysio-
logical consideration in this regard is the unpredietable manner of elimina-
tion of dissolved inert gases from injured or convalescent tissues. During
the descent and bottom-time stages of compressed-air recompression expo-
sures, inert gas is taken up in solution in tissues. Should supersaturation
sufficient for bubble formation occur during the subsequent decompression,
and clinical symptoms be thereby generated, the likely (and erroneous)
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clinical classification is recurrence. It is important, therefore, to limit uptake
of inert gas during recompression treatment in order to avoid both growth
of unresolved bubbles and formation of new bubbles within or circum-
peripheral to areas of disturbed and injured tissues.

Persistence of neurological symptoms, usually indicative of spinal cord
injury, can occur subsequent to improper decompression from prolonged
or repetitive air dives. Weakness, paresis and paralysis of lower extremity
muscle groups, impairment of urinary bladder and bowel functioning
have not uncommonly been refractory to treatment with recompression
when such treatment has been delayed for several hours. Extracellular
edema and hemorrhage, which may reasonably be implicated in the under-
lying pathophysiology of these subacute clinical stages, cannot be resolved
solely with reapplication of pressure. Disordered local perfusion, rather,
constitutes a relative contraindication to air saturation recompression.
Oxygen breathing at increased pressure is specific therapy because it can
provide a high pressure head for diffusion of oxygen outward from capillaries
into tissue units. Tissue edema increases diffusion distances, and can close
capillary lumena if extravascular pressure increases sufficiently. Capillary
dilatation, in response to local tissue hypoxia, does not of itself appreciably
alter diffusion path length and, therefore, oxygen peripheral vasoconstric.
tion does not compromise homeostasis.

Empirical Basis of the Therapeutic Schedule

Ozygen Tolerance and the Duration of Therapy

Yarbrough and Behnke (43) treated several stricken divers with a regi-
men of ninety minutes oxygen breathing at 2.8 atmospheres absolute.
Although these individual experiences were not reported, no clinical com-
plications were encountered. For divers at rest in the dry chamber, Behnke
(5) stated that oxygen could be inhaled for three hours at a pressure of three
atmospheres. One thousand, six hundred and forty nine chamber, oxygen-
breathing exposures of resting adults at 2.8 to 3.0 atmospheres absolute
are reported (21, 25, 44). Exposure time varied from 21 to 120 minutes,
and was limited to 30 minutes in most instances. Fifteen subjects reported
symptoms; there were 6 convulsions (0.36 percent). Acceptance of minimal
risks of overt CNS oxygen toxicity can be justified. Prudent clinical manage-
ment of recompression patients is, of course, essential. Exposure to oxygen
partial pressure greater than 2.8 to 3.0 atmospheres is patently unrewarding
(15). Pulmonary oxygen toxicity has not been encountered within permissi-
ble pressure-time dose limits (3, 4). Damage to adult ocular tissues has
not been reported in man (2).

Intermittent breathing of oxygen and air (ie., a low oxygen gas) at
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increased pressure results in prolongation of the asymptomatic exposure
duration. This phenomenon has been studied by Lambertsen (27, 30) and
other workers (12, 26, 33), experimentally verifying carlier conjectural
references (3, 8, 9).

Dartford Tunnel Criteria: The Level and Duration of Maximal Reapplication
of Pressure

The final fifteen Type 2 cases (patients presenting with serious symptoms
other than pain) which were encountered during the construction of the
Dartford Tunnel obtained complete, permanent relief during initial treat-
ment according to a schedule devised by Golding, Griffiths, Hempleman,
Paton and Walder (23). The level of maximal reapplication of pressure
was the tunnel working pressure or the minimal effective pressure to make
the patient symptom free, and this pressure was maintained for 30 minutes
following resolution of all signs and symptoms. A continuous-bleed, gradual
ascent avoided large and abrupt pressure changes between stops. The
authors noted, in conclusion, that, “Two general approaches may be made
to the problem; in the first (as in the U. 8. schedule for therapeutic recom-
pression), one may choose high pressure in the hope of compressing any
bubbles present and securing their rapid solution; the second approach
is to keep the therapeutic pressure as low as possible, so as to minimize
any contribution which absorption of nitrogen during the recompression
itself may muake to recurrence of the lesion”.

Evolution of the Therapeutic Format

Provisional Formats

The original {rial schedules (Table 21) provided for a 10 minute test of
relief at 33 feet (minimal cffective pressure), for a full treatment pressure
exposure duration of relief time plus 30 minutes, and for decompression
by continuous ascent at the uniform rate of one foot per minute. In provi-
sional format number 3 the continuous ascent was interrupted with a 30
minute stop at 30 feet.

Maximal Recompression Depth and ““ Adequate” Treatment

With each individual case evaluation, the arithmetic mean value for each
of the following parameters was recomputed both for the entire casualty
caseload and for the therapeutie failure group: patient age, number of
repetitive dives, maximal depth and total bottom time of dives, time to
onset of symptoms, elapsed time prior to treatment, total treatment time,
time at full treatment depth, and the level of maximal reapplication of
pressure. A Fisher ¢-test (1) was used in analyzing for significance of the
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TABLE 21
Evolution of Therapeulic Format
MAXIMAL TIME AT ToraL TiME
- ASCENT OXYGEN
FORMAT Recom- Maxiuy TIME B OF
prhssoy | DB | aw) | o Gy | TREATMNT
@) 33 30-40 33 63-73 63-73
Provisional
@) 60 30-40 60 100-110 100-110
Provisional 3) 60 40 60-90 100-130 100-130
“Minimal-adequate”’ 60 30 60 90 90
4) 60 40 90 130 130
Provisional
%) 60 75 210 240 285
@€ 60 45 90 120 135
Current,
2) 60 75 210 240 285

mean differences between these two groups. Thus, it became apparent
that both the mean maximum recompression level (60 feet vs. 33 feet)
and the mean oxygen breathing time at that level differed significantly
between the two groups (p < 0.001 and p < 0.01, respectively). Time to
complete relief correlated significantly with maximal recompression depth
(r = —0.52, p < 0.001). All treatments were thereafter (and retrospec-
tively) called “inadequate’” unless the following requirements had been
met: full treatment depth 60 feet, 30 minutes oxygen breathing at 60 feet,
90 minutes oxygen-breathing total treatment time.

Definitive Format (Table 21 and Iig. 49)

Along with oxygen-air alternations the therapeutic schedules were
empirically extended in duration to one and one-half and three times that
of the “least adequate” schedule. Clinical condition and the response to
therapy govern treatment time within limits imposed, of course, by oxygen-
exposure itself. No symptoms nor clinical entities representative of true
oxygen intolerance have been encountered in the patient group or in the
panel of normal volunteer subjects first exposed to the 285 minute schedule.

Tender in the Chamber

Adequacy and safety of compressed air exposures and decompressions
of the tenders was predicted with modified Haldane computational proce-
dures as described by Dwyer (19) and Workman (46). If the treatment
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METHOD Usep WHEN RELIEF OF SymMpTOMS IS
COMPLETE WITHIN 10 MINUTES AT 60 FEET

Commence O breathing prior to compression
Depth-time schedules should be followed
with care.

Compression: Rapid compression is desirable,
but do not exceed rate tolerated by pa-
tient. Compression time, usually 1-2 min-
utes, is not counted as time at 60 feet. Do
not halt the compression to verify a report
of symptom relief.

Decompression: Decompressions are continu-
ous at uniform 1 f.p.m. Do not compen-
sate for slowing of the rate by subsequent
acceleration. Do compensate if the rate is
exceeded. If necessary, halt decompression
and hold pressure while ventilating the
chamber.

(M1N)
60 20 02 20
60— 5 Air 25
60 20 (023 45
60-30 30 (02 75
30 5 Air 80
30 20 0. 100
30 5 Air 105
30-0 30 0. 135

MEeTHOD USED WHEN RELIEF OF SYMPTOMS 1S
Not COMPLETE WITHIN 1

0 MINUTES AT 60 FEET

Inside Tender: Tender routinely breathes
chamber air. If treatment schedule is
lengthened (see below), or if the treatment
constitutes a repetitive dive for the tender,
he must breathe O; for the final 30 minutes,
from 30 feet to the surface.

60 20 (023 20
Relief of Symptoms: If completeness of relief
60 5 Air 25 is at all doubtful after 10 minutes O3 breath-
ing at 60 feet use the 285 minute schedule.
60 20 O, 45 If symptoms recur, fresh symptoms appear,
or the patient’s condition worsens, return
60 5 Air 50 to 60 feet and use the 285 minute method.
¥ 1f relief is not complete at 60 feet, pro-
60 20 (O 70 ceed with the 285 minute schedule, ob-
serving closely for any changes of the pa-
60 5 Air 75 tient’s econdition, or lengthen the schedule
(see below), or recompress to 165 feet and
60-30 30 0. 105 commit the patient to U.S.N. treatment
Table 2A, or Table 4 if symptoms are
30 15 Air 120 not relieved within 30 minutes.
30 60 0O: 180 A Medical Officer qualified in diving, or
the Diving Supervisor (Diving Officer; Mas-
30 15 Air 195 ter Diver) may extend the 285 minute
schdeule with a fourth Oj-air sequence (20
30 60 (¢ 255 minutes O—5 minutes air) at 60 feet, or a
third air—O. sequence (15 minutes air—
30-0 . 30 ’ 0, 285 60 minutes O3) at 30 feet, or both.

F16. 49. Recompression schedules and instructional summary for minimal-pres-
sure, oxygen recompression treatment of decompression sickness in Diving-Manual
type full-page format.

174
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recompression constitutes a repetitive diving exposure for the tender, or if
the 285 minute schedule is lengthened, the tender is obligated to breathe
100 percent oxygen during the final 30-minute ascent phase. (Other aspects
of the training and duties of chamber attendants are discussed in reference
25.)

Results of Treatment

Data Acquisttion

The total therapeutic experience of 114 cases of divers’ decompression
sickness, 3 incidents of altitude chamber or inflight dysbarism not relieved
by descent to sea-level, and 10 instances of traumatic gas embolism (5
oceurring in association with submarine escape training) represents con-
tributions of eleven reporting agencies and institutions. Stubbs and Kidd
(29, 37) have collected the numerically-largest series of cases. “The value
to us of using the oxygen treatment table was incalculable—in fact, it was
as a result of early delight with the efficacy of the table that we became
bolder and extended the trials to provoke bends” (Kidd, D. J., personal
communication). EDU/DSDS treated thirty patients. Because direct
operational and clinical supervision of these cases has been exercised by
nearly 25 individuals, it is concluded that the series represents a satisfactory
field trial of the concept.

Tabulations

Nomenclature for Table 22 was introduced in prior paragraphs. The case-
load size has been expanded by incorporating, first, ten recompressions of
patients stricken with cerebral gas embolic syndromes and, finally,
several instances in which minimal-pressure oxygen tfechniques were
utilized but not formally reported to the Experimental Diving Unit.

Caseload Characteristics

The mean age of patients recompressed with minimal-pressure oxygen
procedures was 31.3 years (N = 96). Fifty-three percent were age 31 or
older. Seventy-seven percent (N = 99) of the antecedent dives fulfilled
the criteria, heretofore listed, of “nonstandard” exposures. Compressed
air was the breathing medium in all but 25 percent of the casualty-precipi-
tating exposures. Eleven of the patients were stricken subsequent to, or
during decompression from saturation dives. Nearly fifty-eight percent
(N = 56) of this decompression sickness casualty group presented with
serious symptoms, i.e., symptoms other than, or in addition to musculo-
skeletal, bends pain, or symptoms which occurred during decompression.
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TABLE 22
Results of Treatment with the Minimal-Recompression, Oxygen Breathing Method

I RELIEF | RE S
Recour | REUF | Nov' | “Now |Pemcaxt | Recow. | RESE?
- M- ER- AILURE ES-
:IE:;SS PLETE PL(XJ‘:TE MAN)]:‘{NT v IS’II:)NS PLETE
Decompression sickness
All documented cases.....[ 107 97 4 6 9.3 9 8
“Adequate” treatment. . ... 59 58 1 0 1.7 1 0
“Serious” cases............ 55 50 2 3 9.1 3
“Serious” cases, “adequate”
treatment... ... ... . ... .. 34 33 1 0 2.9 1 0
All documented recompres-
SIONS. oo 116 106 4 7 9.5 9 9
All experiences with mini-
mal-recompression oxygen
therapy.............. ... 125 114 4 8 9.6 10 9

Caseload Comparisons

Selected descriptive parameters of casualty populations are compared
in Table 23. Incidence levels for casualty group 1946-1961 were computed
for the 888 patients recompressed, during that 16-year period, with stand-
ard U. S. Navy treatment tables (34). Two hundred and thirty-two treated
cases of decompression sickness form casualty group 1962-1965. Both
size and composition of this case group have, no doubt, been biased by,
respectively, the number of patients submitted to alternative therapy
and their preponderently nonconventional antecedent exposures. This is
unfortunate because casualty group 1962-1965 is the only concurrent
control population in apposition to the minimal-pressurc oxygen treated
cases. It is clear however, that minimal-pressure oxygen procedures have
been tested more rigorously than would have been possible with random
selection of patients for treatment.

Significance of Treatment Duration

Duration of U. S. Navy Tables

Van Der Aue and associates determined that the treatment schedules
promulgated in 1943 (38, 39) could provoke decompression sickness in
normal subjects who had been recompressed 30 or 60 minutes after surfac-
ing from a 130 foot, 60 minute bottom time compressed air working dive
(42).
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Current Navy treatment tables 2 and 2A were derived from, respec-
tively, the BUMED 165 foot air-oxygen and 165 foot air recompression
tables by serial testing and modification. Treatment tables which had been
developed by Yarbrough and Behnke (43) were similarly tested, were
considered to be satisfactory, and are today known as tables 1 and 1A.

The single progenitor of table 4 was 36.5 hours in duration, 24 of which
were to be spent at 60 feet. Two-hour stops were proposed at 165, 50, 40,
30, 20 and 10 feet. The table was tested without a prior 130 foot dive. Four
of the six normal subjects contracted decompression sickness from this
table. The time under pressure was redistributed into the format of table
4, which did not provoke bends, although the entire panel of six subjects
experienced inordinate post dive fatigue.

Thus, decompression adequacy for normal subjects has decisively in-
fluenced air treatment table duration.

Treatment duration and manpower employmend.

By assuming that average treatment duration with tables 3 and 4 is
28 hours, and that five personnel comprise a treatment duty section it can
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TABLE 23
Comparisons of Mean Caseload Characteristics, Case Severity Indices
and Results of Initial Therapeutic Recompressions

No. oF CASEs PROBABILITY FOR
COMPARED CHI SQUARE
INCIDENCE (%) WiTHIN
Eacr Casuarty Grour
02 T’éi’;?smm O3 TREATMENT CASES
E"’ 1946~ | 1962- | ANP | AND AND AND
2% | 1961 | 1965 el | ez | 046-1961 1962-1965
O;.au Cases | Casgs Casgs | CasEs Cases CASEs
Age distribution
3640.................. 21.6 {12.6 | 25.9 | 127 75 |P <0.001 | P <0.30
Over40................ 11.4 | 3.8 10.8 45 35 0.001 0.80
““Non-standard’’ dives....| 77.8 | 31.1 | 54.7 | 367 | 204 0.001 0.001
Dive depth over 8 atm.
abs. (231 feet)........ 42.1 4 13.7 | 17.2 | 164 77 0.001 0.001
Total time on bottom
over 120 minutes. . ... 30.7 1 18.9 1 12.9 | 204 57 0.001 0.001
Symptoms appearing dur-
ing decompression....| 21.6 | 7.9 | 3.9 | 103 28 0.001 0.001
Time between onset and
treatment over 360
min.................. 14.0 1 21.4 | 25.0 | 203 77 0.02 0.02
Cases with “serious”
symptoms............ 57.6 | 24.4 | 43.5 | 277 | 161 0.001 0.02
Relief not complete or not
permanent (First re-
compression)
All cases............... 9.3 | 13.0]20.7 | 123 58 0.10 0.01
“Serious’’ cases........ 9.1} 30.9] 37.6 58 43 0.01 0.001

be shown that the 56 treatments in which minimal-pressure oxygen pro-
cedures supplanted long air tables were conducted by 12 percent of the
treatment manpower customarily mobilized for air recompression. The
total manpower conservation estimate for initial recompression plus retreat-
ments (1964 retreatment frequency) is 10,600 man hours. Facilities limita-
tions and the priority of treatment obligations have frequently curtailed
the pace of research in diving and have influenced the scope and ambition
of research projects and the logistics of diving operations. It is, therefore,
nonutilization of manpower, not its conservation, which properly deserves
attention. The above estimate is useful insofar as it emphasizes this im-
portant non-clinical consideration.

Altitude Decompression Sickness

The prognosis in severe subatmospheric decompression sickness which
has not resolved prior to touchdown on the runway, or which has appeared
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during or subsequent to descent is generally good, although initially the
clinical course can be alarming. Neurocirculatory collapse, whether occur-
ring acutely, as the presenting dysbarism syndrome or subacutely, as a
supervening complication, can be lethal. With respect to older and over-
weight aviators the prognosis typically is guarded. Recompression to
greater than sea-level pressure, usually as a last-resort maneuver, has been
of life-saving significance for such patients (16). When employed as a
treatment of choice, minimal-pressure oxygen and minimal-effective pres-
sure air recompression have been impressive (11, 14, 24). There is no a
priore requirement for the application of specific diver’s recompression
schedules in altitude cases. This current approach has been used four times;
chokes and collapse were present together in three of these cases.

Conclusions

1) U.S.N. recompression procedures are dependable schedules for divers
who have been stricken following exposures conducted in accordance with
promulgated procedures.

2) Severe decompression sickness, occurring as a result of grossly insuffi-
cient decompression after compressed air diving, is often wholly or in-part
refractory to conventional therapy.

3) The rising incidence of complicated and difficult recompression ex-
periences can be related to particular segments of the diving-casualty
population.

4) The minimal-pressure oxygen approach has consistently afforded
prompt, complete and lasting relief in severe decompression sickness fol-
lowing conventional diving, saturation exposures, altitude ascents and
repetitive series up to six dives.
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APPENDIX
Case Descriptions

Case No. E4

Dive 240 minutes at 70 feet, compressed air, moderate exertion. Diver
age 34, moderately obese. About one hour after reaching the surface nausea,
vertigo, malaise and generalized weakness appeared abruptly. During
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physical examination, which disclosed pallor, tachycardia and progressing
neuromuscular incoordination, the patient became acutely unresponsive
and lost consciousness. He was rapidly recompressed to 60 feet, with oxygen
breathing. Substantial subjective relief occurred within 4-5 minutes.
Shortly afterward he was free of neurological deficits, and vital signs had
stabilized. Total treatment time was 98 minutes, after which and through-
out the evening hours the patient experienced unusual fatigue.

Case No. P4

Following is a summary of exposure data and the accumulated decom-
pression obligation for a repetitive series of compressed-air SCUBA dives
by a 33-year old civilian patient:

Asceny TiMe (uIN.) SURFACE RESIDUAL
Dive No. DEPTH (FT.) TIME (MIN)) |——mMm———— INTERVAL N2 TmME
REQUIRED | ACTUAL (G ()
1 60 30 1 1 55 —
2 110 5 5 1 15 16
3 165 20 81 2 15 17
4 165 20 152 2 5 34
5 165 20 152 3 1 35
6 70 15 52 2 — 100
Total. . ... 443 11
Omitted........................... 432

Nausea and shortness of breath first appeared during the ascent from
dive number four, persisted, and gradually increased in severity. Severe
left shoulder pain began just after the last dive, followed by generalized
muscular weakness and paresis of left leg muscle groups. There was spon-
taneous micturition. Consciousness was lost just prior to recompression,
75 minutes after completion of the sixth dive. Recovery seemed complete
after 30 minutes of the 285 minute treatment.

Case No. P12

Dive 15 minutes at 172 feet, compressed air, deep-sea dress. Diver age
39. Ten minutes after surfacing the patient described generalized blurring
of left-eye vision with loss of superior visual fields, and bends pain localized
to the left buttock. The left pupil was dilated and unresponsive. Resolution
was complete during the initial minutes of the 130 minute long treatment
exposure.
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Relations between Bends
Symptoms and Tissue Gas
Saturation

In defining efficient decompression procedures we continue to place
emphasis upon the degree of oversaturation with inert gas which is per-
missible in tissue phases with faster and slower gas exchange.

When decompression profiles are theoretically considered, an interesting
question concerns the extent to which tissues with sub-critical gas content
contribute to defining the critical value of that tissue phase which is con-
sidered the limiting one at any particular stage of the decompression.
Another question relates to whether the nature of the distribution of the
oversaturation in the half-time spectrum correlates with the severity or
type of the symptoms when decompression sickness is provoked. In order
to shed some light on these problems experiments are now being performed
on goats in which selective oversaturation of different tissue phases is
attempted. For the slow tissue phases this is done by a combined procedure
of air breathing at high pressure and depressing the nitrogen content of the
fast phases by oxygen breathing for a period preceding the decompression.
Selective oversaturation in fast tissues is made in high air pressure after
a relatively long period of pre-oxygenation which depresses the basal gas
content of the slow tissues.

Following the exposure to a compressed gas atmosphere, provocation of
symptoms is attempted by decompressing the animals to 520 mm Hg,
or 0.68 atmospheres. The reason for doing so is twofold. By working with
the compressed gases at a relatively low average positive pressure level
we hope to reduce the risk of oxygen toxicity and when decompression
sickness occurs it is possible to carry out the treatment at a comparatively
moderate pressure level.

Methods

The goats are trained to wear a breathing mask for several hours. The
mask which has a dead space of about 30 ml is sealed around the shaved
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nose of the animal by an inflatable cuff. The pressure in the cuff is kept
constant irrespective of variations in chamber pressure by means of a
small but continuous flow of gas to the cuff, letting excess gas bubble out
through a water bottle against a resistance of 30 em of water.

The animals breathe from a demand valve which is supplied with differ-
ent breathing mixtures through control valves on the outside of the pressure
chamber. On the expiration side of the mask a gas sample is continuously
collected for analysis of the nitrogen content by an electronic nitrogen
meter. In this way the tightness of the mask, which is very important in
the oxygen breathing periods, can be verified. It should be added that
the tightness is often so good that it permits quantitative studies of the
inert gas elimination.

Compression is made at a rate of 1.0 atmosphere per minute, decompres-
sion at 1.5 atmospheres per minute except when going from surface to alti-
tude when it is made in one minute (0.32 atmosphere/minute). During
the whole time of exposure and observation the animal is restrained by a
loosely fitting wooden collar. The animals are reccompressed as scon as
unmistakable symptoms of decompression sickness appear or otherwise
after one hour of observation. They are allowed at least 7 days off between
experiments.

Figure 51 shows how the sums of gas tensions compare with the ambient
pressure of 520 mm Hg (ordinate) in different tissue fractions defined by
their half-saturation times (abscissa). Seven different types of exposures,
designed to give oversaturation peaks in different parts of the half-time
spectrum, have been tried so far. To calculate the gas tensions in different
half-time fractions the nitrogen elimination or uptake was conveniently
derived from a semilogarithmic graph of saturation percentage versus time
on which exponential patterns of different half-time phases appear as
straight lines. The gas tensions include both nitrogen, which is the variable,
and an additional 135 mm Hg for the “physiological” gases (oxygen, carbon
dioxide and water vapour). In the calculations it is assumed that the gas
uptake and elimination follow exponential courses, that the half-times of
various tissues remain constant and also that the tensions of the physio-
logical gases stay within their normal limits. The time spent in compres-
sion and decompression is not taken into account in the caleulations. The
nature of the special exposure and decompression procedures used, lead-
ing to the oversaturation/saturation profile curves shown in Figure 51,
was as follows:

Curve I describes exposing the animal to air breathing at 3.5 atmospheres
for 120 minutes and decompression to 520 mm Hg.

Curve II is obtained when decompression is made after air hreathing at
4.2 atmospheres for 120 minutes followed by oxygen breathing during
pressure reduction from 2.8 to 1.5 atmospheres in 30 minutes.
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RATIO OF TISSUE GAS TENSION
TO AMBIENT PRESSURE(520 mmHg)

0
o 10 20 30 45 60 90 120 180

SATURATION —DESATURATON
HALFTIMES (min)

F16. 51. The curves labelled I to VII illustrate the patterns of oversaturation
with inert gas in relation to ambient pressure (ordinate) as distributed in the spec-
trum of half-time tissue phases (abscissa) after decompression from the difierent
exposures to oxygen and high air pressures described in Table 24. The interrupted
lines indicate no occurrence of decompression sickness; the solid lines indicate that
decompression sickness occurred. The shaded area represents levels of over-satura-
tion likely to eause symptoms. For details of exposure programs and results, see text
and Table 24.

The pattern of Curve III results from pre-oxygenation at 1.0 atmosphere
for 120 minutes followed by air at 5.0 atmospheres for 30 minutes and
another 5 minutes of air at 2.0 atmospheres to avoid very high oversatura-
tion in the blood and very fast tissues.

The oversaturation profile shown by Curve IV is essentially the same
as that of ITI, except that its peak is further reduced by extending the final
stage of air breathing at 2.0 atmospheres to 15 minutes.

Curve V results from air breathing at 6.0 atmospheres for 70 minutes
and oxygen breathing as the pressure is reduced from 2.5 to 1.3 atmospheres
in 25 minutes, followed by decompression.

Profile VI describes the probable effects of air breathing at 6.0 atmos-
pheres for 160 minutes, followed first by oxygen inhalation while the pres-
sure is reduced from 3.7 to 1.9 atmospheres in 60 minutes and then by the
standard decompression to 520 mm Hg,.

Curve VII is the result of air breathing at 6.4 atmospheres for 200 min-
utes followed by oxygen administration while the pressure is reduced from
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4.0 to 2.8 atmospheres in 25 minutes, then by air breathing for 10 minutes
at 2.5 atmospheres to reduce the risk of oxygen intoxication and finally
oxygen breathing at the same pressure for 65 minutes before decompres-
sion.

Results

Exposure of goats to the conditions upon which the curves of Figure 51
were based provided the following results:

The exposures related to Curve I resulted in bends in a total of 9 experi-
ments and freedom from symptoms in one. It is therefore considered a
“bend-profile.”

Fourteen exposures on 6 goats according to Curve I produced no symp-
toms in 12 cases, whereas 2 developed bends. However, these two cases
are not representative since a leak in the breathing mask gave a fluctuating
nitrogen admixture of about 10 percent during the oxygen breathing. Ac-
cordingly Curve II is considered a no-bend curve (marked by an inter-
rupted line in Figure 51).

A dangerous pattern is shown by Curve III as 5 experiments out of 9 in
5 animals resulted in bends.

Curve IV with much the same form as Curve I1I but a lower peak, was
tried in 7 experiments on 7 goats. No symptoms occurred in 5 cases and
bends in 2 cases. One of the bends cases, however, fell outside the curve
pattern due to considerable mask leakage. We have chosen to call this
(Curve IV) a no-bend curve as compared to the others, not on the basis of
statistics but of philosophy.

In 4 animals in which oversaturation was produced according to Curve
V, 4 experiments ended with bends. This was a dangerous pattern even
though one of the results should probably be omitted due to mask leakage.

When tried in 5 goats, Curve VI resulted in bends in 5 cases and no
symptoms in 2. This makes it a “bend profile” as well.

With the saturation program related to Curve VII one experiment was
symptom-free and 3 gave bends in 4 animals. Therefore this is also a dan-
gerous saturation pattern.

From Table 24 it is evident that the results obtained on goats 2, 5 and
6, which were used through all the different exposures, are confirmed by
those on the other animals as long as the results are only used to judge
whether an exposure may produce bends or not.

Discussion

One of the most important questions to be considered in interpreting
this study is the degree of reliability of the calculated values upon which
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the curves in IFigure 51 are based. The position of their maxima along the
horizontal axisis somewhat uncertain. High inspired oxygen pressures lead
to a lowering of the rate of blood flow through the brain, and the reduction
of flow in resting skeletal muscle at 2 atmospheres of oxygen is known to
amount to about 28 percent (1). While an effect of oxygen upon blood flow
does not seriously limit the oxygen treatment of bends (2), quantitative
knowledge of the possible changes that oxygen may induce in all the differ-
ent half-time tissue fractions is too sparse to provide for adjustment of
calculated rates of uptake and elimination of inert gas in various tissue
compartments. The fact that blood flow is altered by high oxygen pressures
should probably not influence the experiments related to Curves I, ITT and
IV in which hyperbaric oxygen has not been extensively used.

Another serious question is the possibility that oxygen is a contributing
factor in bubble formation. Such an effect of oxygen in combination with
nitrogen in the inhaled gas has been shown to exist in goats by Donald (3)
and Hempleman (4). However, from experience in both diving and aviation
physiology it is known that the administration of oxygen is an excellent
method of rendering the subject insensitive even to very rapid decompres-
slons. During decompression the elimination of high oxygen tensions in
tissue fractions with short half-times can obviously be effected both by
wash out and metabolic elimination.

The empirical fact that high oxygen tensions in long half-time areas do
not usually give rise to bends is suggested by Hempleman (4) to depend
on diffusion from slowly perfused tissue phases to more vascular ones. In
this connection the possibility should also be remembered that bubbles
formed in the fast or slow tissues do not necessarily give rise to symptoms
(so-called silent bubbles). Development of high oxygen tensions in the
tissues is not likely to be a problem in connection with exposures of Types
I, IIT and IV, since high oxygen pressures are not inhaled. With the over-
saturation patterns of Curves II, V, VI and VII the oxygen pressure in
the fractions with short half-times would probably still not add much to
the tissue gas tensions, in spite of oxygen administration. In a resting
musecle, for instance, with a perfusion of 30 ml of blood per kg of tissue and
an oxygen consumption of 1.6 ml per minute the physically dissolved oxy-
gen at 2.5 atmospheres will barely be enough for the metabolic require-
ments, leaving a tissue oxygen tension well below 100 mm Hg.

In the right-hand parts of Curves II, V, VI and VII representing the slow
tissue fractions, the conditions necessary to build up high oxygen tensions
are more likely to exist. The levels of oversaturation indicated in thesc
parts of the curves are not entirely certain. However, the shaded area in
Figure 51 indicates what seem to be dangerous levels of oversaturation
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under the conditions of the present study. It is to be hoped that more tests
and other curve patterns will confirm this.

The fact that the lower boundary zone of the shaded area is sloping is
only to be expected, although the exact angle is not yet known. Judging
from diving experience it is probably a bit surprising that such degrees of
oversaturation as it indicates are tolerated in the slow phases (up to 3:1
in Curve II for instance). It may be that these experiments demonstrate a
higher overall decompression tolerance at the average pressure levels
studied than is found under genuine diving conditions. There is some sup-
port for such a view in high altitude research but it should be remembered,
on the other hand, that experience from saturation dives indicates a higher
tolerance for oversaturation when one is working at high average pressure
levels.

One thing seems to emerge rather clearly from these experiments. It
appears that decompression sickness may originate from oversaturation in
a wide spectrum of half-time tissue phases and also when fractions adjacent
to the critical one are rather low in gas tension. Furthermore, it appears
that the amount of nitrogen available in the phase with oversaturation may
not per se determine whether symptoms will appear or not. Though the
nitrogen volumes related to Profiles IT and III have not been measured,
it seems reasonable to assume that Curve II which does not produce symp-
toms is the more rich in gas of the two.

When the threshold of permissible oversaturation is exceeded in a tissue
phase, its half-time and/or nitrogen content will probably determine the
type of symptoms that appear. With the oversaturation patterns of Curves
I, III and V, there have always occurred clearcut joint bends which do
not seem to influence the animals’ general condition seriously, and they
gladly accept food. With Curves VI and VII the animals usually rapidly
lose interest even in their favorite food and, besides bends, they often show
restlessness, very high breathing frequencies, weakness in the legs or fully
developed paraplegia, and a number of other symptoms which we do not
yet understand.

It is possible that the pain sensitive nerves affected by bends are located
in structures with such varying half-times as are indicated here. The diffu-
sion dependent intra-articular cartilages discussed by Hempleman (4)
are one example. It is also conceivable that the joint region is particularly
likely to trap emboli which then grow to a size which produces symptoms.
Tinally, as found when the oversaturation pattern approaches that of
Curves VI and VII, oversaturation in slow tissue phases with high storage
capacity for inert gas and for oxygen may be the source of more massive
embolism, resulting in the much poorer condition of the animals and in the
symptoms from the central nervous system.
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Factors in the Resolution of

Tissue Gas Bubbles

Diffusion, the spontaneous movement of a gas from a region of high par-
tial pressure to regions of lower partial pressure, is the fundamental process
by which gas leaves the gas bubbles of decompression sickness and air em-
bolism.

It is therefore reasonable to approach the problem of bubble resolution
by attempting to extend the basic theory of diffusion so that it applies to
decompression bubbles. Background for this approach has come from studies
of gas diffusion into and out of subcutaneous pockets in rats (Fig. 52).

Let us visualize a thin unstirred layer or shell of fluid surrounding a gas
bubble. The partial pressure of a particular gas, x, dissolved on the gas in-
terface side of this shell is P;,, the same as the partial pressure inside the
bubble. The partial pressure of dissolved gas in the bulk of the fluid outside
the shell is P, . ¥lux of gas by diffusion, expressed as the volume of the
gas (corrected to standard conditions) which crosses the shell per unit of
time, dV,u/dt, is inversely proportional to L, the thickness of the shell.
TFlux i8 directly proportional to e, , the solubility of gas 2 in the shell, to
A, area of the shell, which approximates surface area of the bubble, and
to the concentration difference of gas from one side of the shell to the other.
Since concentration equals «, P, , concentrations can be expressed as par-
tial pressures. In a steady state in which partial pressures inside and out-
side do not change, flux across the shell equals flux out of the bubble, there-
fore equation 1 gives the rate of exit of gas x from the bubble, with volume
of o expressed at standard conditions.

de(s) = <_K,z) (Ol:c) (A) (Pz, - Paz) (1)
dt L

The negative sign of the right of equation 1 signifies that the volume of
gas z inside the bubble decreases when pressure inside, P;_ , exceeds pres-
sure outside, P,, .
The coefficient K', in equation 1 is a “true” diffusion coefficient with units
191
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Fia. 52. Rat with gas pocket formed by injecting 30 ml of air into the subcutane-
ous tissue on the back. This preparation can be used to measure rate of diffusion from
the gas phase into the tissue (7, 9), and therefore can be considered & model for study
of decompression sickness bubbles (11).

of em®/min (2). Units of the solubility coefficient, a, , are ml of gas (STPD)
per ml of fluid per atmosphere of partial pressurc of gas x (2).

Probably the most significant information about a decompression bubble
is its diameter. The diamecter will determine whether or not the bubble
blocks a blood vessel, and it should determine the amount of tissue distor-
tion or damage due to an extravascular bubble. Fortunately, restatement
of the gas diffusion law, equation 1, in terms of bubble diameter leads to
relatively simple equations. These equations provide a theoretical basis for
consideration of bubble resolution in terms of the anticipated pressure dif-
ferences responsible for diffusion. The validity of the theory depends on
how nearly the diffusion of gases in a decompression hubble can be described
by equation 1, which assumes o nonstirred diffusion barrier with perfect
stirring beyond.

The major advantage of the present approach over previous mathematical
theories concerning decompression bubbles (5, 6) is that these equations
concentrate on diffusion of Ny, the major component of bubbles in an air-
breathing subject. This allows the equations to account for the gradual
resolution of a bubble due to the N partial pressure difference between the
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bubble and the tissue which can be expected at any specific environmental
pressure (3, 11). With appropriate substitutions, the equations could apply
to other gases such as He.

In any situation where measurements are possible, gases in depots or
pockets within the body have been found to come to a steady state or state
of constant composition where each gas remains at the same gas tension
even though the total volume of gas decreases (3, 10). The final equations
presented here can be applied most easily in this steady state when pres-
sures in the bubble, tissue and blood are not changing. Two situations in
which a steady state does not exist are dealt with only qualitatively: a) when
the tissue is becoming saturated with inert gas immediately after recom-
pression, and b) when bubble diameter is so small that surface tension in-
creases the pressure inside the bubble, thereby facilitating outward diffu-
sion.

Derivation

The discussion is limited to air-breathing or to Op-breathing subjects.
‘The major assumption is that equation 1 is applicable. In addition, it is
necessary to assume a) that since N, is the major gas in the tissue and in
bubbles in the body of air-breathing subjects, consideration of N, alone
gives an adequate description of the total bubble, which in fact must con-
tain O, and CO, at levels near those found in nearby tissues (11); and b)
that the bubble is spherical so that volume, V, equals #D?/6, where D is
diameter, and area, A, equals #D*. Absorption predictions based on a spher-
ical bubble are always conservative since absorption will be faster in other
configurations which all have larger surface areas per unit of volume.

The first steps are to restate equation 1 in terms of N and then to obtain
volume in terms of total volume, rather than N, volume. Let Fy, be the
fraction of the total volume, V) , that is N, . The identity

Vvew = [F,] [V
can be differentiated to give
AV xpo/dt = Fx, dVy/dt.

The implicit assumption that I'y, does not change with time appears to be
valid for practical purposes; data with subcutaneous gas pockets showed
N, fraction or partial pressure to be stable following an adjustment of a
few per cent which was completed approximately 14 hour after change of
environmental pressure (11). Substitute the derivative into equation 1 to
obtain

dV(s) _ (_I<IN«_») (aN2> (A) (PiNg - P"N,) (:))
e (L) (Fx,) B
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Next, Vi, is replaced by ambient volume 17 with the Boyle’s law relation
Vi = PV/P,, where P is total pressure inside the bubble (which is close
to ambient pressure in soft tissues) and P, is standard pressure. Differ-
entiation gives

dVw _ P dV
d. P, dt

which assumes that I’ is constant. Thus the equations which follow apply
only at a given degree of compression, not to situations in which total pres-
sure inside the bubble changes with time. The new equation is then

d_V __ (_K,Nz) (aNz) (PG') (A) ([)iNz - P"Nz)
dt (L) (Fx,) (P)

Iinally, P is replaced by Pi,/Fx, (total pressure inside equals N,
pressure divided by fraction of N3). The Fy, terms cancel leaving:

i‘z _ (—](,Ng) (aNz) (I)s) (/{) ([)5N2 - ])”Nz)
dt (L) (Pr.)

Kquation 4 expresses the rate of volume change of a bubble of any con”
figuration and at any pressure as a function of seven items. All are inde-
pendent of the size of the bubble except area, which of course changes
with volume. It is desirable to have an equation in which a term related to
the size of the bubble appears only once. This is done by introducing the
equations for volume and arca of a sphere, and thereby restricting the ap-
plicability of the equations to a spherical bubble.

Differentiate the equation for volume of a sphere:

Av/dt = (14)=DdD/dt. 5)

(3)

(4)

Substitute equation 5 and the equation for area of a sphere into equation
4. The result can be simplified considerably because #D* terms cancel.

Q__D — _2K,N2(QN2) (I)E) (I)iNz - I)DNQ)
dt (L) (Pi,)

The difference of [’x, between inside and outside of the bubble, (’, —
o), will be termed APk, , or in the steady state, AP'N2 .

Equation 6 still has seven items on the right, but all are independent of
bubble size. The equation contains gas partial pressure terms and constants
of two kinds: Those that are always constant by definition (2, K'N2 , and
I’.), and those that may vary from one situation to another depending on
the location and condition of the bubble (ay, and I.). Ior simplicity all the
constants can be combined to give a new constant, Ky, , which can be called
the coefficient for diameter rate change.

(6)
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Ky = 20) (o) (P -

With use of equation 7, the diameter rate equation becomes

dD . _KNz(P"N - PUN’L)

dt Py,

or

@ = (_KNz) (APN‘))
dt Piy,

(8)

Thus rate of change of diameter is proportional to APy, divided by Pay, .
The coefficient Ky, does not change with pressure.

Significance of the Diameter Rate Equation

There are three very important points regarding equation 8. First, where
the Py, values do not change with time—the steady state—the bubble de-
creases in a simple linear fashion with time and equation 8 can be integrated
to give:

P‘Nz - PoN’

D = Do — K, ~ (t)
N2

or
D = DO - KNz [(APNz)/P‘N,](t) (9)

where Dy is diameter of the bubble at time zero.

Second, the rate of change of diameter has a simple relation to the N,
partial pressures under all conditions: The rate is directly proportional to
the difference of partial pressure, APy, , between the inside and outside of
the bubble (because the greater the driving pressure for N, diffusion, the
more will exit from the bubble), and the rate is inversely proportional to
the N partial pressure inside (because the greater the pressure inside the
bubble, the less the bubble diameter will change for a given number of
molecules of gas that diffuse out). We have maintained (11) that in an
animal or man the APy, in the steady state, or AP'N2 , is mainly a function
of arterio-venous, or arterio-tissue oxygen difference, and Figure 53 shows
predictions of AP'y, values for various ambient pressures. With predictions
of AP'x, and equation 8, one can predict relative rates of bubble resolution
in the steady state under different pressures without knowing most of the
factors about the bubble—its original size, where it is in the body, the length
of the diffusion path from bubble to blood, the solubility of the gas in the
particular tissue, ete. Thus, when discussion is confined to the relative ef-
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F1a. 53. Theoretical predictions of AP’x,, the steady-state Py, difference be-
tween the inside and outside of a decompression bubble (adapted from (11)). The
AP’y, is plotted against atmospheres during compression with air (lower abscissa),
or atmospheres of O2 during hyperbaric oxygen treatment (upper abscissa). The
AP'n, depends mainly on arteriovenous O: difference, which increases with an in-
crease of inspired Oa brought about either by pressurization with air or by O; at
high pressures. Therefore APx, increases with pressure or O, until it reaches a maxi-
mum which is greater in tissues with a high arteriovenous Os difference than in tissues
with less O; extraction. The curve is level when hemoglobin of venous blood is satu-
rated, that is, when tissue O, needs are met by dissolved O .

fects of pressures and pressure changes under conditions otherwise con-
stant, the absolute value of Ky, is unimportant.

For example, the rate in an air-breathing subject at 1 and 4 atmospheres
can be compared. Nitrogen partial pressure in the bubble approximates
barometric pressure minus the pressures of the other gases present, which in
turn approximate tissue gas tensions (11). If we assume that tissue Po,,
Pco, and Py,o are 46, 53, and 47 mm Hg respectively, then their total is
146 mm Hg and bubble Py, at 1 atm will be 760 — 146 = 614 mm Hg, or
614/760 = 0.81 atm. Tissue nitrogen pressure, assuming equilibrium with
blood Py, , will be equal to alveolar Py, , which in turn will be the baromet-
ric pressure minus alveolar Po, , Pco, and Py, . Assuming values of 100,
38, and 47 mm Hg, we find 760 — 185 = 575 mm Hg, or 575/760 = 0.76
atm. Thus APy, = 0.81 — 0.76 = .05 atm, and the fraction in equation 8
is .05/.81 = .062.

When breathing air at 4 atm, the only significant change expected in
gases other than N, will be elevation of alveolar I’o, by approximately 500
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mm Hg or 0.66 atm. The AP will thus increase from .05 to 0.71 (Ifig. 53),
while Py, reflects the 3 atm elevation of ambient pressure and becomes
3.81. The fraction is thus 0.71/3.81 = .186. Thus the rate at 4 atm will be
186/.062 = 3 times greater than the rate at 1 atmosphere.

Maximal Rate

The third point about equation 8 is that in any situation where partial
pressure of N outside the bubble, Py, , is very small compared to partial
pressure inside, Py, , the rate of diameter change becomes constant and
essentially independent of the N, partial pressures. When P,y, is zero, as
will oceur eventually with oxygen-kreathing, APy, becomes equal to Py, ,
so the fraction is equal to 1, and the rate of diameter change becomes a
function of Ky, alone, and therefore constant.

Actually there are two ways in which the maximal rate may occur. Re-
state equation 8 as

ab Poy,

i —Kx, I:l - P—N;] (10)
When the Py, ratio at the right of equation 10 approaches zero, the rate
dD/dt approaches — Ky, , where Ky, is a constant, defined by equation 7.
There are two different situations in which the Py, ratio approaches zero:
a) if Poy, falls close to zero during O,-breathing and b) when P, becomes
very large during the ‘“‘surface tension squeeze.”

The concept of a maximal rate which is a constant and independent of the
degree of compression can be explained as follows: When the effect of N»
pressure outside is minimized, N, pressure inside increases in direct propor-
tion to the total pressure or level of compression. Since the diameter rate is
inversely proportional to pressure inside as well as directly proportional to
the driving force for N, , the two effects cancel each other. In other words,
an increase of driving force under compression increases N, diffusion but the
effect is exactly balanced by the fact that under pressure it takes a greater
flux of gas molecules to produce a given change of diameter.

Equations 8 and 9 apply very well to work of Wyman, Scholander, Ed-
wards and Irving in a study of air bubbles perfused by sea water (12).
Their experimental data show all three points predicted from the equations.
At any depth the bubble diameter decreased linearly with time after an
initial adjustment period in which O, exit caused a slight increase in rate,
and the rate of decrease at various depths was proportional to the dif-
ference (Py, in the bubble minus Py, in the water) and inversely propor-
tional to Py, in the bubble. Finally, the rate approached a maximal rate at
high pressures when Py, outside was small compared to Py, inside.

Actual values for the maximal rate are available in experimental situa-
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tions. A bubble in well-stirred water probably has a relatively high potential
for rapid resolution. Data of Wyman et al (12) show the maximal rate to be
100 micra per minute. A much slower rate of bubble decrease can be pre-
dicted from measured rates of gas efflux from permanently-maintained sub-
cutancous gas pockets of known surface area, 4.5 p/min (9). The reason
why the value from subcutaneous pockets was 14¢ the value of the water
may be that the subcutaneous pockets have a much larger effective diffu-
sion distance than the water.

These values mean that in an O-breathing subject, a bubble of 200 micra
diameter might disappear in two minutes or 44 minutes depending on
whether it was in a well-stirred fluid or in a location analogous to the sub-
cutaneous gas pockets.

Rate with Air vs Maximal Rate

In connection with equation 10, one can think of the rate of diameter
change under any steady-state condition as being equal to a fraction of its
maximal rate, the fraction being (1 — Poy,/Piy,) 0 (Piy, — Poy,)/Pay, -
For example, at 6 atmospheres breathing air (1 — Poy,/Fi,) might be
1 —48/58 =1 — 0.83, so dD/dt = —0.17 Ky, or 17 % of the maximal
rate.

Since the maximum rate equals the diameter-rate coefficient K, which is
directly proportional to the diffusion coefficient and solubility of the gas
(see equation 7), a bubble of a gas with high product of K times «, such as
helium, would have a higher maximal rate.

Figure 54 shows how the rate of diameter change, expressed as fraction of
its maximal value, varies with increasing compression in an air-breathing
subject. The values are obtained by dividing predictions of APy, for
(a-v)O: of 6 vol % and 4 vol % (Fig. 53) by appropriate estimates of Py, .
The rate increases sharply up to about 3 atm, then declines slowly until
APy, reaches its maximum (at about 15 atm in the 6 vol % example and 8
atm in the 4 vol % example), then descends along a hyperbolic course. The
highest value of the fraction in Figure 54 is only about 0.2 or 20 % of the
possible maximal rate which is obtained when the subject breathes oxygen.
Since the APy, curves of Figure 53 become level at higher values and to the
right of the figure, when (a-v)O, values are greater, the fall from the plateau
of the fraction curve of Figure 54 will be higher and to the right also. For
example the fall for 10 vol % (a-v)O, does not occur until 24 atm.

Phases of Bubble Resolution

A complicating factor that occurs in recompression treatment of decom-
pression sickness is that with air-breathing the dissolved N; pressure outside
the bubble is not constant; it rises at first as the tissues saturate with N,
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F1e. 54. In an air-breathing subject, predicted rate of change of diameter of a
decompression bubble vs pressure. The rate is expressed as fraction of the maximal
rate that could be obtained if N, in the tissue were zero, as is the case after a period
of O; breathing. Curves are shown for tissues having two different arteriovenous O.
differences. The curves were obtained by dividing AP 'y, values from Figure 53 by esti-
mates of Piy, . The rate here is only 10% to 20% of the maximal rate. A fraction of

only 0.06 at 1 atmosphere was obtained in a text example by use of slightly different
assumptions.

at the new level, but eventually a new steady state is reached. This is illus-
trated in Figure 55. Of course a true case of bends may be more complicated
because the tissue may still contain gas from the initial compression.

The process of resolving a decompression bubble in an air-breathing sub-
ject can be divided into four phases. Figure 56 is a sample curve showing
time vs diameter of a hypothetical bubble in an air-breathing subject. In
phase I, the subject is compressed to 4 atm abs and bubble diameter de-
creases because of simple physical compression of the gas. In phase 11, ab-
sorption occurs at a rate which decreases with time as the tissue around
the bubble saturates with N, . In phase III, the steady state, the diameter
continues to decrease under the influence of APy, , but since tissue Py, has
stabilized (APy, equals AP'y,) the rate is linear with time. The last phase,
where surface tension becomes important, is indicated by the dashed curve
at the right in Figure 5.

Details of the four phases will be taken up in reverse of the order in which
they occur. The effect of surface tension is to increase the N partial pres-
sure inside the bubble, Py, . As mentioned in connection with equation 10,
the rate approaches a constant value which is independent of the N, pres-



200 Etiology and Treatment of Decompression Sickness

p 4T Bubble
N, pmpm———m————————— 7=
! AP
Atm. | Nz
1 | ceepoec ez
3_-
|
L 4N
|
|
2+ |
|
|
|
|
T
- P _____________________
|
— | i \ 1 l 1 1
=3 60 T 20 180

Time, minutes

Frg. 55. Saturation of tissue with N and effect on N diffusion (adapted from
(11)). After compression with air, tissue Py, (solid curve) is expected to rise exponen-
tially from P, , the initial value, to P:, the saturation level at the new pressure.
In contrast, bubble Py, (dashed), which depends on local tissue Po, and Pco, , rises
almost immediately to near its steady-state value. The difference between the two
curves is the pressure difference, APy, , which causes N to diffuse out of the bubble.
When tissue Py, is in a steady state the difference is denoted AP'x, ; it is greater
after compression (right of the diagram) than in the uncompressed state (at extreme
left). Time course of the tissue Px, depends on the tissue in which the bubble is lo-
cated and is thought to be mainly a function of local blood flow. The example here
has a half-saturation time of 30 minutes.

sures when the inside pressure is very large. The maximum rate equals
Ky, and is most nearly approached when the diameter is smallest, that is,
just before the bubkle ceases to exist. Thus independent of its carly his-
tory and the diffusion driving pressures, all bubbles containing N, have a
similar ending. It is interesting that the limiting rate during the surface
tension effect equals the maximum for O,-breathing. Figure 54 shows this
may be 5 to 10 times greater than the rate at normal pressure breathing
air, but it is finite.

The overall result of the delay in tissue saturation in phase I is to reduce
the bubble diameter by a given amount, shown on Figure 56 as AD. This
step change of diameter, which takes a variable time depending on the rate
of tissue desaturation, is somewhat analogous to the step change of phase I,
which of course takes only as long as the compression time.

During O,-breathing, phase IT is concave downward because the APy,
increases with time instead of decreasing. In Figure 55, if the subject started
breathing O, at the time of compression his tissue N, would decrease to zero,
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Fig. 56. Phases in bubble resolution in an air-breathing subject. Physical compres-
sion, phase I, is drawn here as if it were instantaneous. Compression decreases the
diameter of a hypothetical decompression bubble from A to B; symptoms are often
relieved during this phase. In phase II, B to C, N diffuses out of the bubble but the
rate of diffusion decreases as the tissue becomes resaturated with N2 . The net result
of phase IT can be considered a step decrease of diameter, AD. Phase III, C to D, is
the steady state where the tissue is saturated with N, at the new pressure, but the
bubble continues to decrease linearly with time because of the steady-state N differ-
ence AP’y, . Phase IV represents the “surface tension squeeze’’; when bubble diam-
eter is small, surface tension adds to the hydrostatic pressure so that gas diffuses
more rapidly out of the bubble. The duration and relative importance of the four
phases for a real bubble depends on the specific environment in which the bubble
exists.

presumably along a curve with the same half time as the one shown for in-
crease of tissue Ny in the air-breathing subject.

Compression

When a victim of decompression sickness is recompressed as in phase I
of Tigure 56 there is often, but not always, dramatic relief from symptoms.
However, compression is relatively ineffective in changing the diameter of
a spherical gas bubble. Because volume is inversely proportional to the
pressure, diameter is proportional to the cube root of the volume, and is
therefore inversely proportional to the cube root of the pressure. This is
illustrated in Figure 57. For example, compression to 6 atmospheres abso-
lute only decreascs the bubble diameter to 55 % of its 1 atmosphere diameter
although the volume is down to 17 %. Doubling the pressure decreases the
diameter to approximately 80 % of its original value.
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F16. 57. Diameter and volume of a spherical bubble containing a given quantity
of gas at various degrees of compression. Diameter of the bubble, which presumably
is most closely related to the symptoms of decompression sickness, does not decrease
as much with compression as does volume. The volume curve is drawn from the gas
law, P,Vi = P.V,, where subseripts 1 and 2 correspond to noncompressed and com-
pressed states. The analogous equation for the diameter curve is PyV3Dy = P2/3D .

Tigure 57 shows that in a case where moderate compression gives immedi-
ate relief of symptoms, the diameter change cannot have been large. There-
fore we infer that the diameter for relief is near the diameter at which
symptoms occur. IFor example, compression to 3 atm reduced a bubble to
about 709 of its original diameter. If relief occurred, the diameter of the
symptomatic bubble could be no more than 10/7 = 1.4 or about one and a
half times as large as its post-compression value.

Tig. 58 illustrates the different roles of diffusion and compression in the
resolution of a hypothetical bubble of 1 mm diameter. FFor this figure it is
assumed that the subject has been breathing O, for some time, so that resolu-
tion rate is at its maximum and there is no unsteady state. The maximal
rate is assumed to be 100 micra per minute, the rate for a bubble in well-
stirred water (12). Two different situations are depicted—where the sub-
ject is not compressed (upper solid line) or compressed to three atmos-
pheres (lower solid line). Under both conditions, the diameter decreases at
the same rate; however, the bubble reaches zero volume in 7 minutes after
compression to three atmospheres, whereas it takes 10 minutes to disappear
if not compressed. The rate of gas molecules leaving the bubble increases
with compression even though the rate of diameter decrease is constant.
This is illustrated by the dashed curve in Figure 58 which indicates the
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F1a. 58. Bubble resolution during O, breathing at ambient pressure (upper diag-
onal line) and under 3 atmospheres of compression (lower diagonal line). Rate is
maximal and is the same in both cases. However, the bubble is smaller and disappears
sooner at pressure. The dashed line shows the diameter the gas in the compressed
bubble would have if it were decompressed to atmospheric pressure. The rate for the
two diagonal lines is the same as for a well-stirred bubble in water. Bubbles in the
body probably disappear more slowly; subcutaneous gas pockets in rats are resolved
at Y44 the rate.

diameter the compressed bubble would have if decompressed. For sim-
plicity the “surface tension squeeze” phase has been omitted from I'igure
58.

Concluding Remarks

Because many factors are involved in the process of bubble resolution,
many lines of discussion could be followed in considerable detail. These in-
clude possible differences in solubility and diffusion path length in various
tissues, effects of Os-breathing, relative importance of the unsteady state,
and bubble growth under appropriate conditions. The theoretical frame-
work which has been initiated here should be useful in allowing logical con-
sideration of the effects of various factors while keeping the others in proper
perspective.

A theory is only as good as the assumptions on which it is based. In par-
ticular, the theory here might be improved by use of a more sophisticated
diffusion equation. The assumption of perfect stirring beyond a nonstirred
shell has been applied successfully to studies of diffusion from bubbles in
water (4, 12), serum (4), and blood (1). The extent to which capillary
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blood in a tissue becomes partially saturated, equivalent to imperfect stir-
ring, has been studied in subcutaneous gas pockets by Piiper, Rahn and
and Canfield (7), Piiper (8), Van Liew (9), and Olszowka and Van Liew
(unpublished). The findings can be summarized by saying that the diffu-
sion equations developed above can be expected to hold for any particular
gas, but that comparison of one gas to another cannot be predicted exactly
from diffusion coefficients.
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Dysbaric Cerebral Air

Embolism

Dysbaric cerebral air embolism is an acute, serious occupational hazard
associated with decompression and incurred by submarine personnel under-
going escape training, individuals pursuing SCUBA diving as a vocation
or hobby, and aerospace pilots exposed to explosive decompression at
ambient pressures of less than one atmosphere (1-4). This condition should
not be confused with decompression sickness (bends) which, though also
related to decompression, has a somewhat different etiology and patho-
physiology. In general, bends is less acute and tends in the average case to
be of less serious import.

The connotation ‘“dysbaric” is proposed to differentiate this form of
air embolism incurred in a diminishing ambient pressure from the acci-
dental variety occurring at one atmosphere in a hospital setting (5-10).

The relationship of morbidity and mortality to the mode of escape train-
ing which has changed through the years is given in Figure 59, and can be
seen to influence both. T'ree ascent training is technically more difficult
to master and has a resulting higher rate. The mastery of this technique
by SCUBA divers is a necessity if air embolism is to be avoided.

The incidence of dysbaric cerebral air embolism in relationship to sub-
marine escape training at New London in the past 35 years is given in
Table 25. The National Safety Council estimated 60 deaths in 1965 were
caused by SCUBA diving accidents, and a fair number of these were un-
doubtedly due to air embolism.

In the illness which is the subject of this series of experiments the in-
dividual, diver or submariner, is in a diminishing pressure situation which
causes an expansion of gas in the pulmonary alveoli. If the normal exhala-
tion route of the expanding alveolar gas is interrupted either voluntarily,
as in breath-holding, or involuntarily, from trapped air associated with
pulmonary tract pathology, then the over-expansion and rupture of alveoli
ensues. The gas is released into the pulmonary circulation and via the pul-
monary vein, left heart, aorta and carotids, enters the cerebral circulation
(Fig. 60).

205
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F16. 59. Chronological chart of mode of submarine escape training, U. S. Navy

TABLE 25
Morbidity/Mortality in Relation to Total Number of Simulaled Escapes and
Mode of Escape. U. 8. Naval Submarine Escape Training Tank,
New London, Conn. 1938-1965

ToraL No.
me . ToraL No. X DE
Years Moo Escares | At Ewsowisw | iorln,
1930-1953 S.15.A. Momsen lung | 193,000 7 1
1942-1957 Free ascent 17,583 15 2
1957-1965 Buoyant ascent 130,679 12 1
1963-1965 Steinke hood 32,679 5 0

The pulmonary events, including the vital relationships of transpul-
monary and transatrial pressures leading to alveolar rupture, have been
well defined (11--16).

The wide clinical spectrum of symptoms and signs associated with cere-
bral air embolism includes headache, vertigo, cranial nerve involvement,
visual, auditory, and speech disturbances, loss of consciousness, coma,
paralysis, convulsions, loss of vital signs, and death.
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Fr1e. 60. Schematic diagram of potential courses of air from ruptured alveoli

Similarly, the coincident intrathoracic complications of pulmonary in-
terstitial emphysema, mediastinal emphysema and pneumothorax have
been studied and reviewed in several excellent papers (12, 13).

The cercbral events, however, have not been studied as closely, except
in reports defining the clinical symptoms and signs and reviewing the ex-
perience with pressure therapy (4, 17-20).

Neither has the pressure treatment of cerebral air embolism been thor-
oughly evaluated or given the attention it deserves as the treatment of
choice. Presently, there is little evidence, other than clinical, that speaks
to the efficacy of 6 atmospheres absolute of pressure as the optimum recom-
pression required. At the same time, there is meagre published evidence
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that pressures less than 6 atmospheres absolute are totally efficacious (1,
2, 22).

Current thinking in the treatment of pressure illnesses tends towards less
prolonged exposure of damaged tissues to high partial pressures of inert
gas. This prineiple may also be applicable to the treatment of air embolism.

The oceasional so-called “recurrence” of cerchral air embolism during
the pressure treatment phase is a doubtful circumstance, more likely due
to post-cmbolic cerebral damage, edema, and incercased intracranial pres-
sure, oo

The series of experiments to be described is directed toward a better
understanding of the cercbral events of air embolism and the effects of
recompression in the natural history of the injury, all with a view toward
developing a more effective treatment.

Purposes of the Study

The present study was carried out for a number of related rcasons, as
follows:

To develop a technique to produce and observe cerebral air embolism
in vivo in mammals with a high degrec of consistency.

To observe grossly the effeet of cercbral intravascular bubbles on the
cerebral circulation and the tissues supplied by the cerebral cireulation.

To observe in vivo the life history of cerebral intravascular air and its
residual effeet on the untreated embolized animal.

To observe in vivo the life history of cerebral intravascular air and its
offect on cercbral tissue using immediate recompression to 165 feet (6
atmospheres absolute) as the mode of treatment.

To observe in vivo the cerebral cortex and cerebral blood vessels of
embolized animals during the decompression phase utilizing a standard
170 foot/10 min. diving table. This was in licu of the U. S. Navy Standard
Treatment Tables IIT and IV. In this phase particular attention was paid
to the possible reappearance or recurrence of the cerebral intravascular air.

Materials and Methods

Initial cerebral studies in vivo were done on prepared cats and small dogs,
injecting air into the carotid and observing cerebral intravascular bubbles
in the region of the frontal cortex. From these studies it was determined
that dogs weighing 2540 Ibs. were the most satisfactory species for these
experiments.

Additionally, a cranial window technique was adopted to visualize the
cortex. This was done using a modification of Pudenz and Shelden’s lucite
calvarium technique (21). All subsequent animals used were mongrel dogs
which were prepared with a unilateral eranial window 2.5 em in diameter
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Fig. 61. Cranial window (X 3.3) asseen through the dissecting microscope. Arrows
indicate air filled arteries.

in the parieto-occipital area, except one dog which was prepared with
bilateral cranial windows. These windows were installed 7 days prior to
any experimentation to allow the animal to stabilize after the procedure.
After 4 experimental runs with the cranial window, the visualization tech-
nique was changed to a simple craniotomy for all succeeding runs (Fig. 61).

Twenty-four hours prior to an experiment, the carotid artery on the
same side as the window was dissected free and isolated through a cervical
incision and a sterile tape looped around it. The tape was allowed to pro-
trude through a partially closed incision and gave ready access to the carotid
when embolization was desired.

Ambient air in the amount of 1-7 cc was injected into the carotid with
an ordinary disposable syringe and 18 gauge needle to artificially produce
the cerebral air embolism.

Recording of Results

Four modes were utilized to record the experiments. They were: direct
observation and tape recording; 6 frame per second photography, color,
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and black and white; color motion pictures, sound and silent; and closed
circuit TV.

Types of Experimental Runs

The types of runs with the embolized animals were varled to meet the
objectives of the study.

a) Initial experlmental runs were concerned only with the production of
a satisfactory cerebral air embolism permitting observation of intravascular
bubbles and their effect on the circulatory dynamies and the cerebral tissue
supplied. In this series, 5 dogs in 6 separate runs were observed. All runs
were done on the surface at 14.7 psi (1 atmosphere).

b) In the second series, 3 dogs were embolized at 1 atmosphere and
taken to treatment depth, then returned to surface on a standard 170 foot
diving decompression table for the appropriate time on the bottom. These
are hereafter referred to as “bounce dives”.

¢) In another series, 3 dogs were embolized at 33 feet (2 atmospheres),
brought to the surface and then given bounce dive treatment to 165 feet.
This was done to simulate the occurrence of cerebral air embolism in a
decreasing ambient pressure environment, much as it occurs in the true
situation. When dogs were embolized without treatment, the experiments
were conducted in the veterinary operating suite. When the dogs were
embolized and treated with pressure, the entire procedure was conducted
in the large recompression chamber at the Submarine Medical Research
Laboratory. This permitted room for observers, motion picture cameras,
TV monitors and monitoring equipment.

Results and Observations

A total of 14 embolism experiments were conducted (Table 26). Three
were unsuccessful, in that attempts to induce artificial cerebral air embolism
via the carotid route could not be accomplished. This was invariably due
to thrombosis of the carotid vessel incurred during the preparation.

Five dogs were embolized and not given treatment with recompression;
2 expired within 20 minutes, and 3 survived but with severe residual damage
evident. The residual damage was evidenced by alterations in the state
of consciousness, major paralysis, ataxia, incoordination, convulsions,
muscle spasm, reflex changes, anorexia and cranial nerve damage.

Of the 6 dogs successfully embolized at 1 and 2 atmospheres, and then
treated with recompression to 165 feet, 5 survived without demonstrable
residual damage. One dog (#12) survived but with severe residuals in
evidence of the type already described. On examination of the film record,
which took several weeks to process, a rupture of a cerebral vessel coincident
with the insult of the air rushing into the cerebral vasculature was noted.



Dysbaric Cerebral Air Embolism

211

TABLE 26
Summary of Observations
CERE-
BRAL
INTRA-
VASCU-
DATE | ANTMAL TYPE oF RUN I‘:‘J‘?‘(ﬁi(ﬁﬁ BLI?}?- TREATMENT &Olgii‘i‘;is
BLES
Os-
SERVED
10-23-64 | Dog #1 | Frontallobeobser- 5ce Yes None Circul. blocked—
vation 1 atm. death in 18 min.
12-7-64 Dog %2 | Temporal-cranial 2ce Yes | 165 ft. bounce | Cerebral intravas-
window--embo- dive cularbubblesdis-
lized at I atm. 170 ft. dive table appeared 80-100/
~—dog survived
12-10-64 Dog #2 | Temporal-cranial 1ce Yes None Dog expired—12
window—embo- min.
lized at 33 ft. (2 Circul, effect.
atm.) blocked
1-15-65 Dog #3 | Occipito-parietal | Repeated at- No None Unsuccessful
window tempts to em- Thrombosed car-
1 atm. bolize unsue- rotid
cessful
1-21-65 Dog #3 | Occipito-parietal 1ce Yes | Surfaced—then | Very poor on sur-
window 165 ft. bounce face—survived
Embolized at 33 ft. dive ~—no  residuals
(2 atm.) 170 ft. dive table ba?)bfbles gone at
1 t.
1-30-65 Dog ¥4 | Bilateral Repeated at- No None Unsuccessful
Oceipito-parietal tempts to in- Thrombosed ves-
windows ject air unsuc- sels—dog  sur-
cessful vived
2-5-65 Dog #5 | Bilateral 5cc Yes | 165 ft. bounce | Cerebral intravas-
Qccipito-parietal dive cular  bubbles
Embolized at 1 170 ft. dive table gone at 100 ft.
atm.
5-27-65 Dog #6 | Lt. craniotomy 5 ce Yes None Proved  bilateral
Embolized at 1 widespread dis-
atm. tribution of air
from unilateral
carotid injection
—dog sacrificed
6-15-65 Dog #7 | Lt. craniotomy 5ec Yes | 165 ft. bounce | TV camera run
Embolized at 1 dive successful—dog
atm. 170 ft. dive table survived
Bubbles no longer
?é)served after 60
12-15-65 Dog #8 | Lt. craniotomy Repeated at- No None Unsuccessful run—
Embolized at 1 tempts to em- thrombosed ves-
atm. bolize unsuc- sels
cessful . 5
12-15-65 | Dog #9 | Lt. craniotomy 7ce Yes None Dog survived with
Embolized at 1 serious residuals
atm. —sacrificed at 20
days—post-em-
bolism. Autopsy
1-17-66 Dog #10] Lt. craniotomy 7 cc Yes | 165 ft. bounce | Dog survived—no
Embolized at 1 dive residuals
atm. . .
1-17-66 Dog #11] Skull intact 5ce No None Su;gﬁd with re-
si s
1-18-66 Dog #12| Lt. craniotomy 7 cc at 33 ft. Yes | 165 ft. bounce | Survived but with

2 atm.

dive

severe residuals
—dog sacrificed

Film record shows
severe cerebral
hemorrhage co-
incident with
bubbleinsult. No
intravascular
bubbles after 80
ft. Autopsy
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Not only were the air bubbles expelled as a froth over the brain surface,
but with restoration of the circulation by recompression, gross cerebral
hemorrhage ensued. At autopsy, gross sections of this animal’s brain re-
vealed a massive deep hemorrhage in the region of the area observed and
reaffirmed by the motion picture record.

Observations Concerning the Cerebral Intravascular Adr

With the cerebral window exposures performed, the observations for
the most part were made on the anterior cerebellar and posterior cerebral
branches of the posterior communicating artery of the carotid. The arterial
vessels under observation with the dissecting microscope and motion picture
camera had diameters of from 30 microns to 2 mm.

Typically, the bubbles conformed to the size and the shape of the blood
vessels. The majority of the air passed through the larger arteries very
rapidly, but on reaching the branches of these arteries came to rest, effec-
tively blocking arterial circulation. In some instances entire branches were
filled with air, in others the air bubbles were lined up in a row with small
amounts of blood separating them with thin biconcave menisci. The very
small arteriolar vessels were completely filled with air and appeared as a
thin, silvery network on the cortical surface. The largest arteries observed
to be blocked by the bubbles produced were 2 mm in diameter. However,
most of the vessels observed which were filled with air and showed evidence
of circulatory obstruction were smaller than 2 mm, and were in range of
30-60 microns. This confirmed the observations of Curtillet and Curtillet
(23) who, doing similar work on dogs in 193940, reported effective block-
age in arterioles of 30—40 microns in diameter.

At the blood/air interfaces the pulsations of the heart could be seen.
In some instances at a standstill, while in other small arteries there was a
slow pulsating progression of the bubbles in response to the systolic pressure
peaks. In the series of photographs a progression of such a bubble is seen.
The pulsating nature of the progression can be seen by the small amount
of blood pushed into a branch and then left behind by the recession of the
pulse.

The surrounding brain tissue exposed by the cranial windows came under
observation and typically showed a pallor which in the untreated cases
gave way to a reactive hyperemia. Minor flare hemorrhages and petechial
hemorrhages were also noted. Moderate edema was evident in some cases
after an hour or more.

Of the six dogs embolized and then recompressed to 165 feet, all the bub-
bles in 2 dogs had vanished by 100 feet (4 atmospheres); by 80 feet in 3 dogs;
and by 60 feet in 1 dog.

In every instance there was evidence of a change in bubble size and par-
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tial restoration of circulation just beyond 33 feet. In none of the experi-
ments were intravascular bubbles seen to persist after pressure equivalent
to 4 atmospheres was reached.

Equally important, in no instance was there a reappearance of bubbles
during and after decompression using a Standard Navy Decompression
Table for 170 feet (10 min.) at a standard ascent rate of 60 feet per minute.

There was no attempt in this series to treat cerebral air embolism with
pressures less than 6 atmospheres absolute, even though there is some indi-
cation that this maximum need not be applied.

A future series is planned using 4 atmospheres absolute recompression
for comparison with the currently accepted 6 atmospheres and the no re-
compression control series.

Comments and Conclusions

In the past, the civilian medical community has not given the pressure
therapy of cerebral air embolism the recognition it deserves as the treat-
ment of choice. This was undoubtedly due to the general non-availability
of such facilities in the average hospital setting. Today, however, the
current interest in hyperbaric medicine has resulted in the establishment
and maintenance of pressure facilities in many leading medical centers
throughout the country. Personnel responsible for these facilities should
develop an awareness, and indeed the technical competence, to treat de-
compression sickness and air embolism. With this capability the facility
can be used to treat not only the occasional air embolism seen in clinical
medicine, but the increasing number of civilian SCUBA diving accidents
as well.

The present study, although limited in scope and design, did accomplish
the following:

A technique for observing and photographing intravascular cerebral air
embolism in vivo was developed and refined.

In a controlled series, the efficacy of pressure as a means to relieving
the circulatory obstruction caused by air embolism was observed and re-
affirmed.

Indications were obtained of the pressures necessary to relieve the air
embolism. Maximum effects of recompression were observed between 33
feet (2 atmospheres absolute) and 100 feet (4 atmospheres absolute).
Until further experiments are performed, however, there is insufficient
evidence to say that the maximum pressure of 165 feet (6 atmospheres
absolute) should be considered as unnecessary.

Indications were also obtained that prolonged recompression, as in
Tables III and IV of the U. S. Navy Standard Treatment Tables, is not
necessary to effectively treat cerebral air embolism. All of the successful
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pressure treatment runs in this series consisted of bounce dives to 165 feet
for less than 10 minutes and return to the surface at 60 feet/minute with a
2 minute stop at 10 feet (170 foot Table).

The role of post-embolic edema could not be measured or evaluated
because of the unrealistic presence of the cranial window which undoubtedly
modified this reaction.

In future studies in this series, it is planned to determine the LDy of
air for a control series of dogs in order to evaluate more effectively the
efficacy of recompression to 165 feet (6 atmospheres absolute), evaluate
the effect of treatment using pressures less than 6 atmospheres (absolute),
evaluate the effects of hyperbaric oxygen at 60 and 30 feet added to the
pressure treatment regimen, conduct histopathology studies on the cerebral
tissue of untreated and treated animals, study the vascular dynamics of
cerebral air embolism and alterations in intracranial pressures, and develop
data on tissue enzyme patterns in cerebral air embolism with and without
treatment.

Summary

The medical aspects and pathophysiology of cerebral air embolism are
briefly reviewed. The term ‘‘dysbaric cerebral air embolism” is proposed
to differentiate this condition incurred in a diminishing ambient pressure
as opposed to the accidental variety seen in the hospital setting at the
constant pressure of 1 atmosphere.

A method of artificially inducing cerebral air embolism and observing
and photographing the intravascular cerebral air in living dogs is described.

Observations on the life history and behavior of cerebral arterial air
at 1 atmosphere absolute (14.7 psi) and the effect of pressure therapy to 6
atmospheres absolute (88 psi) and subsequent decompression to 1 atmos-
phere are presented.

The use of pressure in effectively treating cerebral air embolism is re-
affirmed and there is indication that a prolonged decompression following
recompression to 165 feet is not necessary.

The present study confirms that 6 atmospheres absolute is effective
in grossly relieving cerebral air embolism. Effective treatment with pres-
sures less than 6 atmospheres awaits further study.

Ideas for additional studies are proposed.
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Dr. GILLEN Dr. WAITE
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DISCUSSION

CuAIRMAN BEENKE: When Captain Yarbrough and I were conducting a
series of helium-oxygen dives to 500 feet at the Experimental Diving
Unit, we had a considerable number of bends cases and the response to
air treatment and oxygen treatment was remarkably good. It was when
Captain Van der Aue applied his test to the air dives that we got into diffi-
culty. In other words, there was a difference between the air bends and the
helium-oxygen bends. The helium-oxygen bends apparently were much
easier for us to treat.

Dr. Barnarn: The question has been raised regarding particular loca-
tions of bubble formation in the whole animal, and relation to position or
posture. I always have some diffidence in talking about bubbles in the
tissues. We have great difficulty in knowing whether there is a bubble and
where it is.

I find it hard to understand when a man has been breathing oxygen for
about 90 minutes between 50 and 40 feet and then develops a bend. I
also find it difficult to understand the situation in a man who already
has some degree of decompression sickness and is being treated and when
you give him oxygen to breathe, he becomes worse. We have seen this
more than once.

The only conelusion we could draw at the time was the possibility that
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the situation that was giving rise to the trouble was one where tissue hy-
poxia was present and that adding extra oxygen, if it was a bubble, was
making the bubble larger.

Dr. Smrta: The equation for the growth or decay of stationary bubbles
presented by Dr. Van Liew is not a good approximation. Epstein and
Plesset (P. 8. Epsteinand M. S. Plesset. J. Chem. Physics., 18: 1505 (1950))
have shown that, over a wide range of conditions, bubble growth or decay
may be represented by the equation

r? =712 & (K X 1)

where 7o is the radius of the bubble at zero time and K is a parameter which
involves the diffusion coefficient and the degree of under-saturation or
super-saturation.

Experiments we have performed on the growth rate of stationary gas
bubbles in olive oil confirm the validity of the Epstein-Plesset equations.

CHAIRMAN BEHNKE: Concerning the locations of bubbles, from post
mortem examination in animals we can say that bubbles are in the blood
vessels. They occur in the veins and we have seen them in the arteries and
throughout the whole vascular system. In the living individual, we have
considered that we might use a tracer gas like radioactive krypton that
would concentrate in the bubble. Then you could pick up the emissions
and locate bubbles. However, it didn’t turn out to be that easy.

Supersonic techniques are used but we cannot yet locate bubbles in the
living individual with certainty.

CarTaIN VAN DER AUE: Extensive damage can occur to tissue in decom-
pression sickness. It may mimic what happens when you obstruct a vessel
for a long period of time and have a central core of permanent damage
with a peripheral core of transient damage. In decompression sickness the
transient damage may be relieved with recompression or oxygen.

This situation may explain partly the reasons why “Table IV bends”
cases show such a high occurrence rate. The cases may have occurred
several hours before they ever reached a recompression chamber and you
do have permanent tissue damage. No amount of pressure or oxygen will
restore the already devitalized tissue but it will restore some of the periph-
eral core which has only been numbed by anoxia.

Therefore, it 1s very difficult really to evaluate the efficacy of the Table
IV treatment schedule because we are dealing with permanent bends—
permanent damage, I should say.

I would like to ask one question of Dr. Barnard. If we have a case of
permanent damage and the bend will not disappear with recompression,
how far do you take him down? I mean, do you compress to a pressure at
which you get relief?
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In Table TV cases we take the patient down to 165 feet and if he doesn’t
have relief in 30 minutes, then we keep him at 165 feet for two hours. If
two hours doesn’t give him relief, we consider that this is enough and begin
bringing him out. A diver who develops bends coming up from a deep dive
should respond very quickly to recompression but it is still possible that
he might have some permanent damage. What is your opinion?

Dr. BArNARD: I will fry to answer. Back in 1960, Dr. Pride and myself
did treat some presumed cases of air embolism in the submarine escape
tank. The dive table was for 165 feet. Most of these treatments were quite
successful. One man who had complete paralysis of his right arm was out
of the chamber and walking about without any trouble an hour later. How-
ever, occasionally they will not be. Also there may be catastrophic happen-
ings during decompression after treatment, perhaps with a man suddenly
becoming completely blind and ending up in the hospital with gross EEG
changes.

At the time we thought the 165 foot pressure treatment was best. I do
not think we ever considered that one should go to a lesser pressure. In
fact, our whole routine was geared to automatically going to 165 feet as
quickly as possible. We followed this routine as much as possible in our
diving, going to the “pressure of relief” as quickly as possible. This works
and it has even worked in one particular case of a man who had a very
woolly feeling in his knee after a deep dive and who, when treated by com-
pression with air and taken to a pressure of 165 feet (this following a helium
dive), developed a complete paraplegia. When this happened we had to take
him further on in pressure. There was nothing else to do except go on, and
we had difficulty in getting helium. We ended up with him at 300 feet on
oxy-helium where, in the course of an hour, he recovered completely and
he then spent the next four days coming back to atmospheric pressure.

So what I can say at the moment is that we haven’t seen any cases so
far which have not cleared under adequate compression.

CuairMAN Beanke: The Royal British Navy has probably forgotten more
about oxygen than we now know, but it is true that we do now place em-
phasis on oxygen, whereas you do not use oxygen routinely in bends treat-
ment.

Dr. BarNaARD: No, this is not a quite fair statement because we have
friends in this country and we listen to what they have to say about oxygen
treatment of bends. In the last few months, in fact, we have used the oxygen
treatment with success.

CrarrmaN BenNkEg: I think the real problem with the low pressure
oxygen treatment is with the serious cases. 90 per cent of the cases of bends
are minor ‘“niggles” and can be easily handled. However, I want to ask
Dr. Gillen, a neurologist who has analyzed many bends cases, what he
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would do with a seriously injured, unconscious, paralyzed man who arrives
for treatment. Would you use the oxygen treatment? If one starts an
individual on oxygen at the surface and then applies pressure to a certain
level without his breathing air, I think that makes sense. Would you wait
at a pressure level, say, of 60 feet for a period of time in treating the acutely
injured, very ill patient, or would you go directly to a high pressure of air?

Dr. Giuren: I am still scared in this situation, though I would prefer
to use pressure and oxygen. Because I have had no experience with the low
pressure oxygen treatment I would like to dodge the main issue that you
bring up and try and answer one or two of the earlier questions.

One concerns the distribution of bubbles in the tissues. From a clinical
point of view in analyzing some 70 cases of cerebral air embolism, the
bubbles appear to be randomly distributed in both the carotid and verte-
bral system on the basis of symptomatology. From the point of view of
recorded success in treatment, the only treatment used in the United
States for cerebral air embolism which has had no incidence of failure is
application of hot water bottles and a blanket, used three times success-
fully. All other forms of low pressure recompression schedules have failed
at one time or another and all, of course, can be approached with doubt
from a statistical standpoint.

Our experience in non-recompression treatment of cerebral air embolism
is too small to stand statistical challenge, but it is intriguing that individuals
who have developed classical cerebral embolus while making a simulated
submarine escape in early training exercises from 30 to 50 feet before re-
compression facilities became available, were laid out on the dock, covered
with a blanket and, by the time the ambulance got there, were symptom
free.

We have another problem which is also intriguing to me. There are a
number of individuals that we say have cerebral decompression sickness,
a severe form of the bends. In the cases that I have been permitted to
analyze, most of these individuals have been persons who have had
“bounce” dives, most of which were dives past 150 feet, with bottom-time
exposures less than ten minutes. Although many of these dives have actually
been what I call no-decompression dives, within a minute or so following
surfacing or during the ascent to the surface in about 15 percent of the
cases, the symptoms start.

As best I have been able to find out from the people who calculate these
things, there is not enough gas in the tissue to form bubbles in these cases.
I wonder if these are not actually examples of cerebral air embolism from
small local pulmonary lesions described in studies by Dr. Schaefer some
ten years ago. The divers are affected so abruptly and they get relief so
very quickly that it suggests that they actually have an arterial embolus
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from a small bubble that has been abruptly introduced into the circulation.
It is not a gas saturation or desaturation problemi such as accounts for
classical decompression sickness.

I have gone back through our 600 case records and have started to pick
out these cases because they do not look like decompression sickness at all.
Therefore, instead of having the original 70 cases of cerebral air embolism
in this series, I may end up with 150 or 200 of them. I would like some
comment on this.

CrairMaN Bemnke: This is too speculative. I don’t think we know
anything about it yet.

Dr. LamBERTsEN: Captain Behnke, you should not let this fine
panel avoid the important question concerning whether in extremely se-
vere decompression sickness we want just to compress the patient to a very
high pressure on air to decrease bubble size and cause the bubbles to gradu-
ally disappear or whether we want to compress with oxygen to oxygenate
affected tissues and to speed bubble resolution. I personally favor the
maximum use of oxygen in treatment of bends and air embolism, rather
than the avoidance of its use. We must not let this group get away with
ignoring this matter.

CuaieMAN BeuNKE: Let me just make a preliminary statement.

Many of us in the Navy have been accustomed to seeing the miracle of
recovery from bends of long duration and the future is hopeful because of
the use of oxygen and pressure. It is interesting that an individual paralyzed
even as long as two days can make a recovery.

It is difficult to explain these conditions unless one presupposes that there
is always a trickle of blood and when the blood supply to nerve tissue is cut
off, this is not complete. So even though an individual is paralyzed and you
have symptoms that look very critical, there probably is a little blood flow.

Dr. Alvis has had some of the worst cases, and I would welcome his
comnients.

Dr. Avuvis: At the Naval Base in Hawaii it seemed as though we were
seeing nothing but spinal cord bends, and such cases appeared about every
two weeks. It was depressing to see the end results. We treated according
to all the classic methods and still had residual effects. However, I would
emphasize that the residual effects at the end of treatment of decompression
sickness involving the spinal cord never seems to turn out to be as bad as
a comparable collection of neurological symptoms following an automobile
accident.

These residual effects convinced me that there was something else in-
volved beside the oceurrence of bubbles. The more I though about it and
talked to neurologists and neurosurgeons, the more I felt that a late edema



Panel Discussion 221

might be involved. I have no idea whether this is what happens, but we
began treating spinal cord bends with the idea of preventing late edema.
I was not able to follow up on this fully.

There is a related aspect of hyperbaric medicine I want to mention con-
cerning the results of treating carbon monoxide poisoning using oxygen at
increased pressure.

Sluyter of Amsterdam has pointed out that some very severely poisoned
patients revive and appear to get well from carbon monoxide poisoning,
then, after a short period of time they begin to deteriorate. Those that
begin to deteriorate never get any better and the prospects for them are
particularly bad. This delayed deterioration is explainable on the basis of
a secondary edema of the central nervous system. It just seems to me there
is something more than sheer coincidence in this timing and this curious
development.

Certainly if I were ever in a place where I could treat a series of spinal
cord bends again, I would treat them using oxygen earlier because it does
appear that oxygen helps to prevent this secondary edema and I would use
any other measure that neurologists and neurosurgeons think would be
helpful in this regard.

Dr. Giuren: There are several approaches. If the damage is a conse-
quence of poor oxygen transportation, whether this is because the hemoglo-
bin mechanisms have been changed by carbon monoxide or whether the
blood vessel has no flow through it, the degree of damage from the lack of
oxygen in the blood vessel is related to the distance from the blood vessel
and the rate of recovery is related to the replacement of oxygen in the tissue
at a useful metabolic level. Even though you reconstitute blood flow and
improve the recovery of this embarrassed tissue by providing it with its
metabolic needs (normal blood flow with the normal nutrients and normal
amounts of oxygen) the further you get from the source of the oxygen, which
is the blood vessel, the harder it is to get the oxygen there. Therefore on a
theoretical basis, an increase in the oxygen partial pressure would be useful.

Methods for changing edema reaction unrelated to attempts to change
the local tissue problem which produced the edema would also be theoreti-
cally useful. However, they do require testing because some of them are
difficult to accomplish. For instance, lowering the temperature in the spinal
cord by hypothermia does reduce edema. To get the temperature of the
tissues down enough requires that you lower the body temperature by the
usual methods to a range of somewhere around five to ten degrees centi-
grade but this is extremely complicated and at the present time still is a
hazardous procedure.

Dr. Rora: I am curious as to whether anyone has ever observed the
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vessels in the joints or the spinal cord of animals when exposed to oxygen.
Has anyone cver seen what happens to the edema? Is this really a problem
or are we just hypothesizing?

CuAIRMAN BeHNKE: I am afraid we are, because when you go to the
other extreme, to aviators and people with altitude decompression sick-
ness who have had neurological symptoms for many hours, they all seem
to respond remarkably well to a little additional pressure with oxygen. Of
course, they have already been recompressed in coming to one atmosphere.

CHAIRMAN BEHNKE: Let us deal with Dr. Lambertsen’s question and
then we will close this session. You have seen severe cases treated with
low pressure and oxygen. What do you do with a patient that is paralyzed?
Treat him with air at high pressurc or with low pressure oxygen?

Dr. Goopman: I would increase the pressure head for administration of
oxygen and avoid recompression with air which would cause further ac-
cumulation of nitrogen in the already damaged tissues with impaired per-
fusion. This should avoid giving the patient the bends which we would
call “recurrent” and would make most effective use of the advantages of
oxygen itself. I know Dr. Lambertsen agrees with me.



POTENTIAL ADVANCES
IN DEEP DIVING

2 ]_ ‘ C. J. LAMBERTSEN

Basic Requirements for
Improving Diving Depth and

Decompression Tolerance

Practical extension of manned undersea activity is now enjoying the
temporarily fortunate position of being able to exploit the basic physio-
logical studies made over the past several decades. Still further extension
by imaginative engineering can be expected, but it will require clear defini-
tion of man’s physiological and physical limitations in order to permit
direct use of his peculiar assets in deep undersea operations. It must be
realized that long lead time is required to accumulate the needed pertinent
and accurate basic physiological information and to develop the concepts
required for further important extension of man’s capabilities into the
deep, cold, wet undersea environment. It continues to be easier for the
physiologist to design his experimental apparatus than to extract unequivo-
cal experimental results. Similarly it is easier to design and construct under-
sea devices than to conceive and to validate the solution to elusive bio-
chemical derangements produced by the high pressure environment. Ad-
vance in life sciences is heavily dependent upon the ability to integrate the
results of scattered, old and new, individual studies.

Although the scope of biological stresses involved in underwater activity
is as broad as the physiology of man himself, several factors are of such
distinet importance that they can be grouped as primary limitations to
advance further in diving. These are:
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PRIMARY LIMITATIONS

Deficient Pulmonary Ventilation Decompression Problems
Narcosis

Oxygen Toxicity

If these can be better delineated, it should also be possible to overcome a
number of sccondary difficulties, including:

SECONDARY LIMITATIONS

Wetness
Temperature Conmmunication

Vision Propulsion

It is worth noting that each of the factors in the first group of most serious
problems is concerned with the physical or chemical influences of a high
pressure of the respired gas. Each of these will be now considered, emphasiz-
ing the prospects for obtaining important improvement in human tolerance.

The Limitation of Decompression

It must be recognized that the escape of inert gas which has become
dissolved in body fluids during exposure to a high inspired inert gas pres-
sure 1s a physical process aided and modified by physiological mechanisms
such as blood flow. The physical limitations characteristic of any one gas
will remain; the modifying physiological factors are adaptable to control.
Hence there must be a limiting rate of escape for each individual gas.
Good current estimates indicate that this limiting rate for helium in nor-
mal man may represent the rate of gas elimination from fluids which have
a simple half-time for inert gas exchange of nearly four hours.

Several dynamic studies of the manner of inert gas elimination (3, 18),
including the use of radiokrypton by Jones, indicate that the slowest
identifiable rate of inert gas elimination is exponential and is governed
by the perfusion of blood through the vessels (volume rate of blood flow
per unit mass of tissue). However, this slowest tissue component defined by
direct analysis of gas elimination has been found to have half-times for in-
ert gas elimination not much greater than 30 minutes, i.e., about ten times
faster than the slowest rate indicated by using bends occurrence in man as
an index. Figure 62 indicates this important handicap in the quantitative



Basic Requirements 225

20

ty,= 240 min
40
60F ty,=80 min

801

% INERT GAS ELIMINATION

100
240

TIME (minutes)

Op Breathing
or

Decrease in
Ambient Pressure

Fia. 62. The time course of inert gas elimination from the tissues

On lowering the inspired pressure of an inert gas, whether by decreasing either the
ambient pressure or the percentage of inert gas inhaled, gas elimination from different
body locations should oceur at an infinite variety of rates. The figure shows an arbi-
trary series of elimination rates, ranging from a half-time of 5 minutes (which would
resemble cranial cerebrospinal fluid) to the slowest rate (240 min. half-time) which
have been detected by studies of bends induction in man. The shaded por-
tion, bounded by the curve indicated k; (18), defines the area where direct determina-
tions have been made. The unshaded region of the diagram is more pertinent to bends
in deep or prolonged diving.

study of decompression and inert gas elimination; the shaded portion of the
diagram defines areas where the gas exchange dynamics have been explored
by isotope elimination methods. Beyond the limits of this approach lie the
unstudied and inaccessible regions with slower rates of exchange. These
are the most important to the understanding of decompression sickness.

In the recent past, much consideration has been given to the question of
whether inert gas exchange with the tissues is limited by the degree of re-
moval of gas in the perfusing blood or by diffusion of gas within the extra-
vascular tissue fluids. It appears now that there must be a full and changing
spectrum of tissue gas uptake and elimination characteristics including

1) Tissues such as lung, arterial blood, kidney, heart and brain which
have such a high ratio of circulation to mass that perfusion limitation is
unlikely even during extremely rapid change of ambient pressure. As
an example, in mice exposed transiently to pressures equivalent to about
400 feet of sea water, it has been found possible to effect decompression at a
linear rate of over 3600 feet per minute without harm (13).

2) Tissues in which a very labile circulation may at times be abundant
and at other times be inadequate to remove inert gas at rates compatible
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with the local diffusion. Such hypothetical tissues may vary from “diffu-
sion limited” to “perfusion limited” and on to ‘“diffusion limited” again.
Anyone who has observed the complete cessation of blood flow in mam-
malian capillaries, due to microscopic circulatory adjustment, will realize
that a tissue volume without blood flow can accomplish its gas exchange
only by diffusion.

3) Tissues such as cartilage, or the vitreous humor and the lens of the
eye, which in their normal avascular state may be diffusion limited with no
possibility of modifying gas exchange through circulatory alterations.

4) Tissues damaged by normal physical activity or pathological processes
to the degree that scarring and circulatory restriction leaves the tissues de-
pendent upon long diffusion pathways.

Considering the pattern of inert gas elimination described by Jones (18),
it can be deduced that the amount of body tissue which, lying beyond the
slowest identifiable exponential component, could conceivably be diffusion
limited must be as much as 5% of the total body mass. Since this tissue,
most important in the etiology of bends, must be presumed to be diffusely
scattered through the body in unknown, probably myriad and minute
locations, direct study has not been feasible. Until it becomes possible to
define the characteristics of the components with the slowest exchange,
no quantitative judgment can be made of the success of attempts to ac-
celerate gas removal or to prevent interference with gas elimination.

Acceleration of Inert Gas Elimination

Several significant measures with potential for speeding decompression
or improving its safety have been cited in the past (21, 25, 26) and receive
attention elsewhere in this volume (10, 17, 20, 35). Table 27 summarizes
these measures including the use of high oxygen tensions (2), the use of
mixtures of several gases (25, 34), the alternation of inert gases (17, 20,
21, 26, 35), and the combination of alternation of inert gases with fluctua-
tion of oxygen tension (25, 26).

The Maximal Use of Oxygen

Probably the most important single measure for facilitating decompres-
sion will continue to be the use of maximum tolerable oxygen tensions a)
to limit inert gas uptake during descent and at diving depth, b) to increase
the outward gradient for inert gas elimination during decompression, and
¢) to aid in the treatment of bends when it does occur. Exploitation of the
invaluable principle of maximizing diffusion gradients, well recognized
by the originators of oxygen decompression following deep helium-oxygen
diving (33), is still sorely handicapped by inadequate information pertain-
ing to a) the limits of oxygen tolerance in sustained and in interrupted
oxygen breathing and b) the occurrence and nature of any significant physi-
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TABLE 27
Acceleration of Inert Gas Elimination
The few principles applicable to accelerating inert gas elimination are well known.
They can be applied by several methods, as indicated. However, to date none of these
methods has been adequately studied or more than partially exploited. In several
instances even the basis or overall effect of the proposed method is not agreed upon.

SuMMARY PROPOSALS FOR ACCELERATION OF INERT GAS ELIMINATION

Principle

Increased Partial Pressure Gradient
Increased Perfusion of Tissue
Increased Activity of Dissolved Gas Molecules

METHOD OvERALL EFFECT
Hyperthermia and Decompression Influence of Temperature on:
Perfusion
Diffusion

Solubility of Gases
Inert Gas Gradient
Hyperoxygenation and Decompression Influence of Oxygen on:
Inert Gas Gradient
Perfusion

Tissue Pcos

Use of Multiple Gas Mixtures Influence on:

Diffusion

Inert Gas Gradient
Alternation of Inert Gases Influence on:

Rates of Uptake and Elimination
Alternation of High and Low Oxygen | Influence on:

Pressures Inert Gas Gradient
Perfusion
Double Alternation of Inert Gases and | Influence on:
High Oxygen Pressures Inert Gas Gradient
Perfusion
Drugs and Decompression Influence on:
Perfusion

ological influences of high oxygen pressures upon the perfusion of the tissues
having the slowest rates of inert gas exchange. Basic and applied studies
of these factors should provide immediate and important returns.

The possibility of interference with inert gas elimination by the vaso-
constrictor effects of oxygen is emphasized elsewhere in this volume (35,
37). Here it is important to recognize that, if it does in fact exist, such a
vasoconstrictor influence of oxygen would be important chiefly in the same
diffusely scattered regions of extremely limited blood flow which are theo-
retically characterized as tissues having long half-times. Thus, measure-
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ment of oxygen cffects on mean blood flow in well perfused organs or tissues
(23) will have little direct bearing upon this question. Since the lowered
arterial Pcos which normally accompanies oxygen breathing (23) has local
constrictor influences upon most vascular and other smooth muscle, it
would be an unfortunate error to dispense with the only safe means of
increasing the diffusion gradient on the unsubstantiated assumption that
hyperoxygenation itself leads to an unacceptable degree of vasoconstric-
tion. Even if this should prove to be the case, it will be far more desirable
to retain the principle of using oxygen to maximize the inert gas diffusion
gradient from the cell to the capillary while simultaneously employing other,
probably simple, pharmacological means to sustain blood flow in the slow
tissues.

Limitations presented by the biochemical effects of oxygen will probably
not be practically circumvented until many years of additional extensive
work has been accomplished. However, it is possible to obtain considerable
improvement in the practical use of this vital but toxic element by im-
proved definition of human tolerance to oxygen over the widest range of
pressures. An example of this definition of tolerance is shown in Figure 63,
which demonstrates a synthesis of information obtained by several differ-
ent investigators (24, 26, 28). The figure indicates that it is desirable to
consider oxygen tolerance from the standpoint of particular limiting tissues
or organs, since the quantitative relationships of tolerable depth and dura-
tion of exposure will in fact be different for various structures, depending
upon the actual Po. dose at the cell and upon the susceptibility of a particu-
lar cell type to the chemical influences of oxygen. The basis for construct-
ing the pulmonary tolerance curve is provided in some detail in another
chapter of this volume (7). From such information it is evident that:
a) a 30 day exposure to one-third of an atmosphere of oxygen (32) or a
14 day exposure to one-half an atmosphere of oxygen (16) produced no
significant pulmonary or central nervous system effects; b) at two atmos-
pheres of inspired oxygen pressure distinct and unacceptable pulmonary
toxicity developed in eight hours but no indications of central nervous
system effects were seen (7); and ¢) at inspired oxygen pressures from three
to four atmospheres an unacceptable incidence of central nervous system
toxieity occurs after much shorter oxygen exposure than is predicted for
the development of serious pulmonary effects. Refinement of these predic-
tive curves by inclusion of other tissues such as the eye, the arterial lining,
the glomeruli, the endocrine glands and the gonads is now necessary.

The Extension of Oxygen Tolerance by Interrupled Exposure to High Po,

The predictive oxygen tolerance curves of Figure 63 provide a necessary
starting point for developing the concept of fluctuating high and low
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Fia. 63. Pulmonary and CNS tolerance to 1009, O; breathing at various levels of
ambient pressure in normal men at rest.

These curves are rectangular hyperbolas constructed using the available data and
assuming that (a) at infinitely high inspired Po. , the duration of pulmonary or CNS
oxygen tolerance will be nearly zero (this provides one common asymptote for the
CNS and pulmonary tolerance curves), and (b) at some sufficiently low inspired Po: ,
there will be no detectable intolerance to oxygen even at infinite time. The Po; which
will produce borderline pulmonary toxicity is here considered to be 0.6 atmospheres
(8, 32) since 0.5 atmospheres of oxygen did not cause prominent adverse effects in 14
days (16). Central nervous system tolerance to oxygen toxicity is assumed to be bor-
derline at 2.0 atmospheres of inspired Po, since exposure of subjects to Oz for between
ten and eleven hours has produced no detectable CNS effects (7).

The important findings which determine the character of the CNS tolerance curves
are shown at 4.0, 3.5 (@) and 2.8 (A) atmospheres. These represent the time of a 10
percent incidence of CNS symptoms in normal subjects studied by Yarbrough et al
(38) and analyzed by the author (27). This curve is shown as a comparison with the
pulmonary tolerance curve, not as an indication of safe exposure at all pressures.

The pulmonary tolerance curve, best studied at low levels of inspired Po:, is
determined from information concerning the time required to produce symptoms and
a 5 percent reduction of vital capacity at 1.0 and 2.0 atmospheres (open cirele) (7).

The choice of an hyperbolic relationship between oxygen pressure and duration of
tolerance is based upon the demonstrations that toxicity of oxygen in small organisms
and mice closely follows such a pattern.

oxygen pressures as the means of extending the usefulness of high oxygen
pressures in diving, in decompression and in therapy (8, 19, 27). This ap-
proach, when systematically applied to man, should shift the curves of
Figure 63 far to the right and open the way to greater use of the advantages
of high Po, and lowered inspired inert gas pressure. The procedure of vary-
ing the oxygen tension is now an integral part of the oxygen treatment of
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F1c. 64. Extending tolerance to high oxygen pressures by periodic lowering of
inspired Pos .

Guinea pigs exposed continuously to 100 percent oxygen at three atmospheres
absolute developed detectable CNS toxicity and died in accordance with the step
curves on the left side of the figures. The alternation of 30 minutes on 1009, oxygen
with 10 minutes on 7%, oxygen increases the total time during which pure oxygen can
be breathed.

Figure 64A represents the time when each animal first showed symptoms of central
nervous system toxicity. Figure 64B indicates the percentage of animals remaining
alive (19, 27).

clinical bends (14) and should be exploited in bends prevention as well.
Figures 64A and 64B, illustrate findings from an early study of this prin-
ciple in small animals (19, 27). They show that return to normal Po, for
ten minutes following each 30 minute exposure to three atmospheres of
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oxygen pressure more than doubles the central nervous system and general
tolerance to oxygen. Recent studies indicate that pulmonary tolerance is
also extended (15).

Body Temperature and Inert Gas Exchange

Long experience in open sea diving has confirmed that cold water and
local or general lowering of body temperature predisposes an individual to
development of bends. While the interference with inert gas elimination is
certainly qualitatively related to vasoconstrictor responses to cold, essen-
tially no information is available in animals or man concerning the degree,
the sites, or the other mechanisms involved in this effect of low temperature.
Lowering of tissue temperature increases the solubility of inert gas and
decreases the activity of its molecules in addition to affecting blood flow.
Intentionally induced moderate degrees of deep body hyperthermia, with
its increase in cardiac output, accelerated tissue blood flow, increased
inert gas activity and gradient, decreased inert gas solubility and possible
altered oxygen tolerance deserves extensive study of its potential physio-
logical advantages and disadvantages in inert gas exchange. It is here
predicted that intermittent over-warming, along with other measures, will
add significantly to the safety and efficiency of decompression.

The Use of Multiple Inert Gas Mixtures as Respiratory Vehicles for Oxygen

The concept of using more than one inert gas in a single mixture to facili-
tate decompression has been stressed for several decades (25, 26, 34).
The concept is clear but the results are not. If each gas in the gas mixture
dissolved in body fluids were to behave as though it were the only gas pres-
ent, considerable advantage in decompression should ensue. The hypotheti-
cal gas mixture illustrated in Figure 65 was offered at the First Symposium
on Underwater Physiology to call attention to the question, which is
still important and still has not had serious study. The cylinder contains
nine gases, in equal proportions. Ignoring the obvious disadvantages of
radon and the prominent narcotic effects of certain others, it is presumed
that prolonged exposure to two atmospheres of any single one of these inert
gases (with the necessary oxygen) could be followed by prompt and un-
eventful decompression to sea level. If the entire mixture were breathed
to saturation at 18 atmospheres (close to 550 feet), each gas would exert
a partial pressure of two atmospheres. Why should it not be possible to
decompress immediately from a 550 foot saturation dive on such a multiple
gas mixture with each gas independently leaving the tissues at its own rate
and without eritical oversaturation or bubble formation? Two investiga-
tions of this question, ten years ago, have led us to recognize that the
answer is no. I asked Webster to analyze this problem for the First Sympo-
sium and his appraisal sensibly emphasized that the sum of the partial pres-
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OXYGEN

F1a. 65. The concept of breathing multiple inert gas mixtures in diving
The use at increased ambient pressure of mixtures containing many inert gases
should not result in excess saturation of tissue fluids with any single inert gas if each
gas in the mixture is at a maximum partial pressure of one atmosphere. Nevertheless,
severe bends does occur after exposure to multiple gas mixtures, since once a cavity or
a small bubble is formed, its growth depends upon the sum of the partial pressures of
all gases in the tissues.

sures of gases determined the size and deformation pressure of gas bubbles in
tissues (34). Concurrently an experimental evaluation of a three gas mixture
(He-N2-O3) in animals was carried out with results as shown in Figure 66.
The figure shows that while the multiple gas mixture had clear advantages
over air, it produced a pattern of bends incidence not different from that
found when helium-oxygen mixtures were used (31). On theoretical grounds
the use of a multiple inert gas mixture should have the advantages pro-
posed, but only until the first and most minute bubble or cavitation formed.
Then the growth of the bubble would, as already stated, be a function of
the sum of the partial pressures of all of the inert gases as well as the partial
pressures of oxygen, carbon dioxide and water vapor. In spite of this, some
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F16. 66. Comparison of bends incidence in rats following three hour exposures to
air, helium-oxygen and a nitrogen-helium-oxygen mixture at 6.4 atmospheres (31).

Ascending at 25 feet per minute following near saturation exposures to pressures
equivalent to 210 feet of sea water, a bends incidence curve for air was obtained for
reference. A curve for helium at the same tension showed a much lower incidence of
bends. When three gases (N»-He-0») were employed, the bends incidence could not be
distinguished from that when helium-oxygen was inspired. Exposures at higher pres-
sures may be needed to distinguish between the two and three gas mixtures containing
helium.

partial gains have been found in limited investigation of this method in
man (36). Other gases such as methane, carbon tetrafluoride and sulfur
hexafluoride have also been considered. Detailed study to exploit this
principle is still important since it should offer advantages at shallow diving
depths. The presence of nitrogen in a helium-oxygen mixture improves
speech at high pressure. The alternate use of different inert gases creates a
situation in the tissues which resembles that when mixtures containing
more than one inert gas are breathed. Most important, even a limited
improvement in decompression from the slowest tissues will shorten decom-
pression following prolonged dives.

The Purposeful Alternation of Inert Gases

The questions related to alternation of exposure to different inert gases
during diving overlap with but are different from those concerned with the
use of mixtures containing several inert gases. It is possible to eliminate
one inert gas from the tissues at the same time that uptake of a second gas
is proceeding, and presumably without mutual interference. In the First
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Symposium it was proposed that “some practical alternation of oxygen,
oxygen-nitrogen, oxygen, oxygen-helium can be devised with a sequence
aimed not only at extending diving duration by minimizing oxygen toxicity,
but also by minimizing the need for slow decompression by permitting the
elimination of inert gas in the act of extended diving operations” (27).
The concept has been cited elsewhere (21, 26) and is now receiving attention
in several laboratories (1, 5, 17, 21). Under certain circumstances of timing,
depth and choice of gas, this principle will cause the release of one gas from
a “slow tissue” at a rate more rapid than the uptake of a second gas. As
additional inert gases become available, this procedure should become
increasingly important.

An extension of this principle, which also deserves meticulous study for
its application to bends treatment at pressures of three atmospheres and
above is the purposeful alternation of nitrogen-oxygen mixtures with
oxygen in the treatment of helium bends (and alternation of helium-oxygen
mixtures with oxygen in the treatment of nitrogen bends (Table 28)). This
principle of alternating an inert gas with oxygen will probably have its
greatest application in the late phases of decompression after deep diving
of short duration, after saturation diving to any depth, and as an adjunct
to decompression required in excursion diving from a submerged base.

Combining the Principles of Alternation of Inert Gases with Fluctuation of
Ozxygen Tension

Combining several of the methods for hastening inert gas elimination
has special attraction (26). Again, particularly at the late stages of a long
decompression, during treatment of severe bends, or in relatively shallow
diving (as to four to six atmospheres) it appears advantageous to use both
the alternation of inert gases and the phasic alternation of high and low
inspired oxygen pressures to minimize uptake of any particular inert gas,
to increase the outward gradient for another inert gas, and to optimally
extend oxygen tolerance. The pattern shown in Table 29 resembles that
shown in Table 28 as a treatment of bends. There is no question but that
the number of possible variations of this approach will make it difficult
to arrive at an optimal procedure.

The Use of Drugs to Speed Inert Gas Elimination

One further aspect of decompression procedure concerns gains which
may ultimately ensue from the use of pharmacological aids to accelerate
inert gas exchange. Oxygen remains the key drug for this purpose and no
other agent seems to offer promise of speeding diffusion. Drugs such as iso-
proterenol and aminophylline are available and should produce an in-
crease in cardiac output and systemic vasodilation. Drugs such as nitro-
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TABLE 28

Hypothelical Examples of Treatment of Helium Bends by Purposeful Aliernation of
Oxygen with Inert Gas-Ozxygen Miziures

235

Simultaneous use of high ambient pressure, high oxygen pressure and a different
inert gas than that which produced the bends provides the advantages of each meas-
ure. Alternating oxygen pressures provides the benefits of high oxygen pressure while
delaying onset of toxicity. Examples 2 and 3 resemble and blend with the principle
of periodic oxygen interruption in the oxygen treatment of bends (Chapter 17).

EXAMPLE 1
Pk(iisuv)“ INf,IPI‘)’:nggAS AT, O A, Ng DURATION (MIN)
1.0 to 4.0 100% O 1.0 to 4.0 0 10 min. or compression
time
4.0 256% N»-75% 0. 3.0 1.0 20
4.0 75% N2-25% O 1.0 3.0 10
4.0 25% N1-75% O 3.0 1.0 20
4.0 75% N2-259, O 1.0 3.0 10
2.0 100%%0, 2.0 0 30
1.0 100%, O, 1.0 0 60

Intermittent exposure to 3.0 atm N for one-third of the time is equivalent to con-
tinuous exposure to 1.0 atm N; and should not induce nitrogen bends while aiding the
elimination of helium.

ExampLE 2
1.0 to 3.0 1009, O, 1.0 to 3.0 0 20 minutes including com-
pression time
3.0 80% N:-20% O: 0.6 2.4 10
3.0 1009, O, 3.0 0 20
3.0 80% N1-209%, O, 0.6 2.4 10
3.0 1009, O, 3.0 0 20
1.0 1009, O, 1.0 0 60

Intermittent exposure to 2.4 atm. N, for one-third of the time is equivalent to
continuous exposure to the nitrogen pressure in air at sea level and should not induce

nitrogen bends while aiding the elimination of helium.

ExAMPLE 3
&

1.0 to 2.0 1009, O, 1.0 to 2.0 0 compression time
2.0 1009, O, 2.0 0 60
2.0 809, N,-209% O, 0.4 1.6 15
2.0 100%, O, 2.0 0 60
1.0 100%, O- 1.0 0 60
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TABLE 29

Combination of Alternation of Inert Gases with Fluctuation of Ozygen Tension for
Aiding or Minimizing Decompression

This two hour dive to 100 feet with fluctuating oxygen pressure is roughly equiva-
lent to a continuous exposure for two hours to & mixture containing about 30% helium
and 309 nitrogen. Official decompression schedules for such mixtures have not yet
been established. If air had been breathed for two hours at four atmospheres, a 132
minute decompression would have been required. In this schedule, if the inert gas
were all nitrogen, the decompression required would be about 51 minutes; if all he-
lium, about 45 minutes would be required. The influence of the use of both helium
and nitrogen, together with terminating diving at a partial pressure of only two
atmospheres of nitrogen or helium, are expected to further shorten decompression.

Activizy N v TESY | Mams™ | G
Diving 99 85% He + 15% O, 0.6 3.4 10
50% N + 50% O. 2.0 2.0 10

509 He + 50%, O, 2.0 2.0 10

85% N3z + 159, O, 0.6 3.4 10

509 He + 509, O, 2.0 2.0 10

50% N2 + 509 O. 2.0 2.0 10

859, He + 159, O, 0.6 3.4 10

50% Ng + 50% O: 2.0 2.0 10

509% He + 509% O. 2.0 2.0 10

85% N2 + 15%, Oq 0.6 3.4 10

50% He + 509, O, 2.0 2.0 10

50% N2+ 50% O, 2.0 2.0 10

Decompression 10 ?

glycerine which, while directly dilating peripheral vessels, lead to reflex
vasoconstrictor activity clsewhere are unlikely to be of benefit; and still
other drugs, like nicotine, probably predispose to bends by the peripheral
vasoconstriction they indirectly produce.

The Limitations of Narcosis

Ditferences among the inert gases in their capacity to induce narcosis
have been studied in several animal species (9) and are described elsewhere
(6, 12) and in this volume (11). Only a few of the studies have provided
the precise pharmacological dose-response information required to predict
the limits of human tolerance to extremely high gas pressures. It is known
that the inert atmospheric gases can be ranked in order of decreasing
narcotic properties as Ar, Ny, Ne and He. The place of hydrogen is not yet
established but it will probably be less narcotic than helium.

As with any drug, the increasing narcotic influences of increasing gas
pressure upon each human function, such as judgment, dexterity, hearing
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Fie. 67. Limitations imposed by narcosis
Impairment due to the narcosis produced by inert gases will vary in the form of the
hypothetical ‘S’ shaped pharmacological dose-response curves shown. The degree,
but probably not the nature of the narcosis will be modified by: the characteristics of
the gas (Ar, N, , Ne, H, , He), the absolute pressure (the dose), the effects of additive
factors (CO. , hypothermia, drugs, sleep), and the influence of antagonistic factors
(drugs, exercise, purposefulness).

or even consciousness, should have the classical “S’’ shape of the phar-
macological dose-response curve. Figure 67 illustrates diagrammatically
the probable order of the gross differences to be defined for xenon, nitrogen
and helium. Since none of these curves has been thoroughly established
for any function in man, the figure is only an approximation. However, the
curves are reasonable and indicate that serious impairment, e.g. of con-
sciousness, occurs with less than one atmosphere of xenon and with less
than 10 atmospheres of nitrogen, but helium may require more than 100
atmospheres to produce severe narcosis. This latter prediction is based upon
the simple observation that at inspired helium pressures of 120 atmospheres
(equivalent to about 4000 feet of sea water), mice do not lose consciousness
(30). Since the dose of helium (the helium partial pressure) in the brain
sortical neurons of the mouse should be exactly equal to the dose in human
cortical neurons in an equilibrium state in the same environment, there is
reason to believe that man might well be able to maintain useful conscious-
ess to this extreme depth. Even if 1t can be learned that the human brain
can function effectively when affected directly by helium pressures of 4000
feet of sea water, useful diving depth for man may still be limited by narcosis
at lesser depths as additional factors aggravate the direct effects of helium
or hydrogen itself. Such factors can be presumed to include carbon dioxide
retention, hypothermia, sedative drugs, sleep and general central nervous
system fatigue. Moderate narcosis may prove susceptible to counteraction
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by central stimulants or by the arousal resulting from exercise and purpose-
ful activity.

The Limitation of Pulmonary Ventilation

Pulmonary airway resistance inereases when any gas is breathed at high
pressure, and the increased resistance imposes limitations upon alveolar
ventilation. Depending upon the degree and duration of exposure to ex-
tremely high pressure, these physiological limitations can be expected to
include not only carbon dioxide retention and consequent exaggeration of
inert gas narcosis, but also fatigue of respiratory muscles and diminished
work tolerance. None of these limitations has been quantitatively defined
over a range of increased gas pressures, although work is now being focused
upon them. The magnitude of the problem related to airway resistance
depends largely upon the density of the compressed gas breathed at any
particular depth. Since nitrogen is about seven times more dense than
belium, the density of nitrogen at about 200 fect of sea water is as great
as that of helium at a 1000 foot depth. By contrast, the airway resistance
when breathing an aqueous solution is approximately 36 times that when
breathing air at sea level (22).

The physiological derangements produced by increased work of breathing
and deficient pulmonary ventilation can be expected to be proportional
to the degree of physical activity or other respiratory stimulation. Serious
interferences with alveolar ventilation have been observed with nitrogen
as the inert gas at a 600 foot depth (29), and maximal capacity to accom-
plish pulmonary ventilation is grossly diminished at 400 feet, even when
helium-oxygen mixtures are used. The occurrence of moderately increased
airway resistance does not at all exclude man from direet, purposeful under-
water activity. As in the Everest mountain climbing expeditions, physio-
logically handicapped individuals can accomplish eritically useful work if
the requirement for degree of physical exertion is minimized or the pace of
work 1s tempered by unnarcotized good judgment. Eventually, at extreme
depths, ventilatory incompetence can be expected to oceur even at absolute
rest and, if it does, the limitation of pulmonary ventilation will prove to be
the first real barrier to extending diving depth. Well before this stage is
reached it is hoped that the combined skills of the engineer and the physi-
ologist will provide for the assisted alveolar ventilation which will permit
activity to the full range of depths defined by direct and unexaggerated
central narcotie effects of inert gases.

Composite Influences and Interactions

It is evident that there is much hard work to be done and much basic
and also immediately applicable information to be obtained. Many of the
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contributors to this volume are actively engaged in this effort with an
increasing energy and scope of interest. It will help all of us to remember
that extension beyond present laboratory or open sea methods of diving
and decompression will require many kinds of information and laborious
validation of concepts and procedures. No single solution is to be expected
for any limitation, and the relative value of multiple solutions will be diffi-
cult to establish.
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Excursion Diving from
Saturation Exposures

at Depth

Until 1962, when man began to place submerged stations on the ocean
floor at ambient pressure, nearly all diving operations had begun and ended
at a pressure of 1 atmosphere absolute. Even locking out divers from sub-
merged submarines involves starting out at the internal pressure of the
submarine, approximately one atmosphere, and returning either to this
pressure or to the surface of the sea itself. All standard diving tables are
based on departure from, and return to, one atmosphere. A single excep-
tion is the repetitive dive table, where allowance is made for additional
nitrogen in the tissues from previous dives.

Two types of diving fall outside the coverage of these tables. These are
diving in bodies of water at high altitude, where atmospheric pressure is
considerably below 1 atmosphere absolute, and diving from submerged
stations such as the Sealab or Conshelf habitats, where the pressure greatly
exceeds 1 atmosphere absolute.

In this paper, the term “saturation diving” will be applied to diving
operations in which divers go under increased pressure, either in the sea
or in a pressure chamber, and remain longer than 24 hours. This allows
all the tissues of the body to saturate fully with the inert gas or gases being
breathed. In practical terms, this requires an undersea habitat for ocean
projects.

Haldane’s principle of allowable ratios of tissue inert gas (1) suggests
that the same no-decompression limits applying in dives from saturation
at 1 atmosphere absolute to 4 atm. abs. should apply, in these special cases,
to dives from saturation at 34 atmosphere absolute to 3 atmosphere ab-
solute and dives from saturation at 2 atmospheres absolute to 8 atmos-
pheres absolute. If this is so, the standard tables would give inadequate
protection in diving at altitude, and they would be unnecessarily restrictive
in diving from submerged stations.

241
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While it is rather widely accepted that diving at altitude increases the
danger of decompression sickness, very little experimental work has been
done in this area. Boycott, Damant and Haldane did give support to this
hypothesis with some of their animal work (1). No sound diving tables
have been prepared, because the demand for such diving has not been
sufficient to justify the great effort and cost which would be involved.

In the case of deep saturation, however, the need for tables is obviously
great enough to justify their preparation, and the lack thereof is a considera-
tion of time. It is less than 4 years since Conshelf I submerged, and less
than 2 years since Sealab I was put down off Bermuda. Future stations will
be put down to greater depths, and attempts will be made to establish
practical industrial operations from these stations. It, therefore, becomes
imperative that we establish the limits which divers must observe in work-
ing below, and also above, the depth of their habitat.

The present study was undertaken as a beginning in developing tables
for diving from submerged stations.

Methods

Diving tables for this study were calculated by Capt. Robert D. Work-
man, of the U. S. Navy Experimental Diving Unit (3). Calculations were
based on the method deseribed by Workman in 1965 (2) and derived from
Haldane’s principles, as previously modified by U. S. Navy experimenta-
tion. Some modifications were made in the method in that bottom times
were preselected, and allowable maximum depths with no decompression
for these bottom times were calculated. These depths and times are indi-
cated in Table 30. All excursions were made after a 24 hour period of satura-
tion at 35 feet gauge.

The entire series of dives was first performed using large dogs, then
repeated using human subjects. All dives were done in dry pressure cham-
bers at the Submarine Medical Center. Compressed air was used as the
breathing gas throughout the saturation period, the excursions and de-

TABLE 30
No-decompression Excursions from Saluration in Compressed Air at 835 Feet Gauge
Totar DEPTH NET DEPTH OF Borrom TiME
(¥T GATUGE) Excursion {MIN)
165 130 30
135 100 60
117 82 90
109 74 120
105 70 150
100 65 240
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TABLE 31
Decompression to Surface after Excursion Dives

DEPTE AND BoTTOM

TrME oF EXCURSION DECOMPRESSION TO SURFACE

165 ft for 30 min ¥ Ascent to 10 ft at 5 fpm

135 ft for 60 min 2 hrs on air at 10 ft

117 4 for 90 min 1 hr on O; at 10 ft

109 ft for 120 min Ascent to surface at 2 fpm
[

105 ft for 150 min Ascent to 20 ft at 3 fpm

20 min on air at 20 ft
Ascent to 10 ft at 2 fpm

2 hrs on air at 10 ft

1 hr on O, at 10 ft

Ascent to surface at 2 fpm

100 ft for 240 min Ascent to 20 ft at 3 fpm
40 min on air at 20 ft
Ascent to 10 ft at 2 fpm

2 hrs on air at 10 ft

1 hr on O at 10 ¢

Ascent to surface at 2 fpm

compression to the surface, with the exception of a period of oxygen-
breathing during decompression in the human experiments as described
below. The chambers were ventilated frequently with compressed air to
prevent accumulation of carbon dioxide and depletion of oxygen. Rates
of ascent and descent for the excursions were considered to be 60 feet/min
for purposes of calculation, and these rates were actually used in the animal
exposures. In the human exposures, the actual rates were 40-50 feet/min.,
limited by the capabilities of the chamber used. After the completion of
excursion dives, subjects were held at 35 feet for 6 hours to observe for
symptoms of decompression sickness. They were then decompressed to the
surface, on schedules also provided by Workman (Table 31).

In the animal series, repetitive excursions were made, as many as 8 in a
single saturation run. Intervals of 75 to 120 min at 35 feet separated the
repetitive excursions. Decompression to the surface from 35 feet was short-
ened for the animals on the basis of our own calculations (vide infra). In
the human series, repetitive excursions were made only once. During the
first saturation exposure, two excursions were made to 165 feet for 30 min,
with an interval of 4 hours at 35 feet between excursions. All other human
exposures consisted of only one excursion after the initial period of satura-
tion.

Thirteen Navy divers served as subjects for the human series, with at
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TABLE 32

Description and Resulls of Animal Excursion Series and Human Excursion Series

A. ANIMAL SERIES B. HuMAN SERIES
Saturation exposures.. . .. ..... .. ... 7 Saturation exposures............. 15
Excursions Execursions
165/30. ... 13 L165/30. ... . ... .. ... 6
135/60. ... ... ... .. 8 135/60. ... ... 4
117/90. ... oo 4 117/90. .. ... 1
109/120. ... ... .. 4 {109/120. ... 2
105/150. ... .................. 4 F105/150. ... ..o 2
100/240. ... ... 3 1100/240. ... .. ..., 2
Total. ... ............... ... ... 36 Total.......... ... ... .. ... 17
Cases of decompression sickness. .. ... 0 | Cases of decompression sickness. . ..0

least two men in the chamber at all times. One pair of divers had two satura-
tion exposures. All the others had one cxposure each. Subjects were ex-
amined by diving medical officers before and after their exposures. They
were kept in the immediate vicinity of the chamber for 3 hours after sur-
facing to be observed for symptoms of decompression sickness.

Dogs were examined shortly after each excursion by walking them in
the chamber, inducing them to jump through the hatch into the outer
lock, and by manipulating their extremities to find any tenderness which
might be present.

Results

Table 32A and 32B lists the number of exeursion dives for each depth-
duration and the cases of decompression sickness for both the animal
series and the human series of experiments.

One diver reported “skin bends” in the arms and cars shortly after an
excursion to 165 feet for 30 min. In the strict sense, this is a manifestation
of decompression sickness, but it is not treated when unaccompanied by
other symptoms. It may have been precipitated by chilling of the skin
during rapid ascent in the chamber. In subsequent excursions, divers
dressed more warmly during ascent, and no further “skin bends” occurred.
On two oceasions, individual divers experienced aching pains in the lower
extremities several hours after completing decompression to the surface.
No skin rash was associated, nor were there any of the more serious symp-
toms or signs of decompression sickness. The pains did not show the progres-
sive course typieal of bends. In one case, recompression was tried without
relief of the pain. It was felt that these two cases did not represent decom-
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pression sickness. Possibly these aches bear some relation to the wide-
spread, mild aches reported by several subjects during their first few days
of saturation in Sealab I and Sealab II.

Discussion

The basis of decompression sickness and of decompression theory was
presented by Haldane in 1908 (1) in a paper which still dominates its
field. He set forth the principle of exponential saturation and desaturation
of inert gas in tissues, along with the concept of theoretical tissues of differ-
ing half-times with regard to inert gas uptake and elimination. Because
he worked with dives of limited depths and duration, he came to the conclu-
sion that the slowest-saturating tissue in man had a half-time of about 75
min, and that complete saturation with inert gas occurred in an exposure
of 5 hours. (This represents 4 times the half-time of the tissue, enough to
produce 94 % saturation. Haldane felt that this was nearly complete
saturation. Present standards consider ‘“‘complete saturation” to be at
least 98.5% saturation, the degree produced by an exposure at least 6
times as long as the half-time of the tissue.) Subsequent work with deeper
and longer dives indicates that theoretical tissues with half-times up to 240
min. must be considered in man, and that complete saturation requires
an exposure of at least 24 hours, either for helium or for nitrogen (2).

Haldane postulated that the bubbles causing decompression sickness
form during or after decompression, when the tissue pressure of nitrogen
exceeds by too great a degree the ambient pressure. He felt that the ratio
of these two pressures was the critical factor, and maintained that a tissue
nitrogen pressure of twice the ambient pressure was safe in all tissues.
Using this ratio, he prepared decompression tables which were widely used
for many years.

Subsequent work by the U. S. Navy developed the concept of multiple
allowable ratios, larger ratios for the faster tissues and smaller ratios for
the slower tissues. Earlier U. 8. Navy diving tables were calculated on the
basis of these ratios.

It has been found empirically that the ratios which are adequate for short
and shallow dives do not give adequate protection for longer, deeper dives.
Present-day usage, as in the preparation of tables for this study, involves
the use of maximum tissue inert gas tensions permissible for ascent to a
given depth. These values, represented by the symbol M, are derived from
the ratio theory as modified by experimental and field experience. They
are available in tabular form both for nitrogen and for helium (2). In the
slowly-saturating tissues, these values are considerably more limiting than
the older ratios.

All tissue gas pressures in these calculations are expressed as feet of sea



246 Potential Advances in Deep Diving

water (1 foot = 0.445 psi), and all pressures are absolute unless otherwise
indicated. Calculated tissue inert gas pressures at any given point in a dive
are represented by the symbol Q.

In any dive, whether from the surface to some depth or from saturation
at depth to some greater depth, all the tissues take up some additional inert
gas. The amount absorbed depends upon the depth and duration of the dive
and the half-time of the particular tissue. In ascending from a dive, a
decompression stop must be made whenever a depth is reached where the
M value for any of the theoretical tissues is equal to the actual inert gas
pressure in that tissue. The tissue which will first come into equality with
its M value during ascent is called the “controlling tissue”, since it deter-
mines the depth of the first decompression stop. If this equality does not
occur until the diver comes to or above his starting depth, no decompression
stop is needed, and the dive is called a ‘‘no-decompression” dive.

In general, short dives tend to be controlled by the faster tissues and long
dives by the slower tissues. In a dive requiring several decompression stops,
control may shift from a faster tissue (in the earlier stops) to a slower tissue
(in the later stops).

It is important to differentiate between ascent from a level of saturation
to the surface and return to saturation level from an excursion to greater
depth. At the saturation level, all tissues have essentially the same inert
gas pressure, and the slowest tissue considered will be controlling through
the entire ascent. Excursions from a saturated level are relatively brief,
and faster tissues control ascent back to the level of saturation. The excur-
sions in this study demonstrate this. These dives were calculated to bring
the controlling tissue to equality with its M value on return to 35 feet.
Table 33 shows inert gas tensions in the various theoretical tissues at the

TABLE 33

Nitrogen Tissue Pressures on Relurn to 356 Feet Gauge after Excursions
The <talicized values are the controlling tissue tension for each dive.

Q FoR EXCURSIONS INDICATED
TI1SSUE M
HALF-TIME
165/30 135/60 117/90 109/120 105/150 100/240

10 138 127 117 110 107 103 144
20 119 121 115 110 108 104 124
40 95 106 106 1056 106 104 105
80 7 86 89 91 94 99 99
120 70 77 80 83 86 92 94
160 66 72 75 78 80 87 91
200 64 69 71 74 78 83 89
240 62 66 69 71 73 80 88
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time of return to 35 ft gauge from each of the dives, and also shows the M
values for nitrogen which allow ascent to 35 ft gauge. The controlling tissue
tension for each dive is italicized.

It will be noted that the shortest excursion is controlled by the 20 min
half-time tissue, the longest excursion by the 80 min tissue, and all the
others by the 40 min tissue. In contrast, ascent from saturation at 35 ft
gauge to the surface is controlled throughout by the 240 min tissue.

Comparing results of animal studies with those in man is generally
difficult, and can often lead to serious error. In studies of decompression
sickness, it has generally been found that laboratory animals show greater
resistance to decompression sickness than does man, and that this resistance
is in some degree proportional to decrcasing size in the animal. Haldane
attributes this phenomenon largely to the more rapid rates of respiration
and circulation in small animals (1). The dog appears to have tissues with
half-times up to more than 80 min. Some dogs appear to require 12 to 18
hours to reach full saturation, indicating tissue half-times up to 2 and 3
hours (4). This suggests that the dog’s degree of oversaturation in these
excursions should be comparable to man’s in the controlling tissues. An
effort was made to confirm this by diving a dog (one which made many of
the experimental runs) to 130 feet for 30 minutes and surfacing directly at a
rate of 60 feet/minute. This dive represented the same excursion depth and
bottom time as the excursion to 165 ft for 30 min from saturation at 35 ft.
Calculated tissue pressure for half-times of 10, 20, 40 and 80 min indicated
dangerous excesses of nitrogen in all these tissues. About 30 min after
surfacing, the dog developed clinical bends in one foreleg. Symptoms re-
sponded nicely to recompression therapy.

The lack of very slow tissues in the dog accounts for the fact that de-
compression from saturation at 35 ft could be accomplished much more
rapidly for the dog than for man (100 min compared with 190-235 min).
For both man and dog, these schedules were made quite conservative and
could be shortened somewhat with little risk of decompression sickness.
Since the objective of this study was evaluation of the tables for the excur-
sions, it was considered necessary to minimize the possibility of inducing
decompression sickness in surfacing, since it would be most difficult to
prove this was not a result of the excursions.

On the basis of the limited amount of data obtained, a tentative no-
decompression curve for dives from saturation at 35 ft gauge has been
constructed. The number of exposures is insufficient to make the curve
definite, but the absence of bends in any of the exposures suggests that it
may err to the conservative side. Even so, this curve shows definite ad-
vantages over the no-decompression curve for diving from the surface.
Considering only the net depth of the excursion (depth below the saturation
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TABLE 34
Allowable Botlom Times in Minutes for Various Net Exzcursion Depths
NET DEPTE FroM SURFACE (5) FrouM 35 FEET
130 10 30
100 25 60
82 38 90
74 46 120
70 50 150
65 55 240
S
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Fia. 68. Comparison of allowable bottom times for net depths (depth below the
level of saturation) in dives from the surface and dives from a saturated state on
compressed air at 35 feet gauge. (See Table 34).

level) it allows increases in bottom time by factors that range from slightly
over two to slightly over four (Table 34, Fig. 68).
When considering the total depth reached, the increases in bottom time

are even greater, ranging up to a factor of more than nine. (Table 35, Fig.
69).
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TABLE 35
Allowable Bottom Times tn Minutes for Various Total Depths
TotaL DEPTH . FroM SURFACE (5) Frou 35 FEET
165 5 30
135 10 60
117 17 90
109 20 120
105 22 150
100 25 240
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Fic. 69. Comparison of allowable bottom times for total depths reached in dives
from the surface and dives from a saturated state on compressed air at 35 feet gauge.
(See Table 35).
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TABLE 36

Helium Tissue Pressures for an Excursion to 700 Feet Gauge from Saturation at
430 Feet Gauge

TissuE HALF-TIME |Q AFTER 31 MINUTES | (Q ON RETURN TO M For RETURN
(MIN) AT 700 FEET 430 FEET TO 430 FEET
10 687 660 675
20 626 620 623
40 563 565 575
80 516 519 571
120 497 499 569
160 487 489 543
200 481 483 483
240 477 478 483

It is obvious that the day of the shallow submerged station, with a com-
pressed air atmosphere, is already past. While there might be some future
application for shallow stations, the cost is high for working in depths that
are accessible to surface-based divers. Conshelf II had two habitats, one
at 35 fect gauge (compressed air) and one at 85 feet gauge (synthetic
atmosphere). All subsequent submerged stations have been at much greater
depths (193 to 432 feet), and all have had synthetic atmospheres (helium-
nitrogen-oxygen or helium-oxygen). For these reasons, it is quite possible
that the tables described here will never be used in actual dives. The im-
portance of these dives in confirming the hypothesis, however, is great.

No laboratory studies have yet been completed in excursion diving from
saturation at greater depths. Such studies are difficult and quite expensive,
but must be undertaken if we are to learn whether the advantages described
above will be further multiplied at greater depths.

An attempt can be made to predict such dives by calculation. It must be
emphasized, however, that this involves extrapolation from established M
values to depths where no experimental work has been done. Such figures
are quite dubious at best. Accepting this major qualification, a theoretical
dive might be made from saturation at 430 feet gauge (approximately the
depth postulated for Sealab I1I) to 700 feet gauge with a bottom time of 31
minutes. Table 36 shows the tissue helium pressures and the highly specula-
tive M values. The atmosphere, both for the station and for the excursion
dive, is assumed to be 98 % helium, 2 % oxygen. Rates of descent and ascent
are 60 feet/minute.

In this case, the 20 min tissue might be expected to be the controlling
tissue because of the short duration of the dive. Actually, the 200 min tissue
controls. Unlike A7 values for faster tissues, which increase more rapidly
than depth increases, Al values for the 200 min and 240 min tissues increase
linearly with increasing depth. Rather than having a constant ratio of
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_M
abs. depth

there is a constant gradient between the two of about 20 ft (4,2). This
relationship, if borne out by actual studies at these depths, will introduce
a limitation on saturation-excursion diving, particularly on excursions of
considerable length. Nevertheless, a net excursion of 270 feet for 31 minutes
with no decompression is a handsome advantage over diving at shallower
depths. Similar calculations suggest that a no-decompression excursion
from 430 feet (saturation level) could be made to 600 feet gauge with a
bottom time of 80 minutes (4). This dive is more practical in a continental
shelf project.

A small amount of actual field experience in saturation-excursion diving
has been accumulated in the course of some of the saturation projects
which have been carried out. Unfortunately, very few good data are avail-
able on these dives in the publications which have come forth from the
projects.

In Sealab II, divers saturated at 195 feet gauge on 75 % helium, 20 %
nitrogen, 4% oxygen made excursion dives to 300 feet gauge. Accurate
bottom times are not available, but total time of the dives ranged from 33
to 50 minutes. Breathing mixture was 85 % helium-15% oxygen. In the
semiclosed-circuit apparatus used, this would give a breathing bag mixture
of about 13 % oxygen, about 85 % helium and a small amount of nitrogen
eliminated from the diver’s tissues.

Problems of field work include lack of precise recording of times, non-
standard and variable rates of descent and ascent, and questionable ac-
curacy of the small depth gauges carried by the divers. While the above
experiments have shown that deep excursions can be accomplished, it
seems evident that laboratory studies in wet and dry chamber complexes
will be far more practical for testing actual tables.

Saturated divers, while capable of large downward excursions, are sorely
limited in their capacity to ascend above their saturation depth. The
peculiar relationship between M and depth in the very slowly-saturating
tissues is responsible for this phenomenon. It appears that a diver saturated
with helium cannot ascend more than about 1 atmosphere (33 feet) above
his saturation depth without risking decompression sickness (4). A some-
what greater margin might be allowable with nitrogen (2), but the narcotic
properties and density of this gas make it unacceptable for deep work. The
use of other inert gases, and of mixtures of inert gases, remains to be ex-
plored.

In saturation diving projects requiring work over a range of depths, the
ascent limitation will probably require placing the habitat at the shallow
limit of the working stratum. While this may limit the time spent on excur-
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sions to the greatest depths in the working area, it will be an advantage
in minimizing the pressure at which the divers achieve saturation, and
therefore the decompression time required in ultimately bringing them to
the surface.

If actual experience shows as great a shift in the no-decompression curve
as appears likely from theory and from this early work, it should be possible
to make nearly all excursions from a decp station on a no-decompression
basis. This is an enormous advantage, in that the diver can return directly
to the habitat in case of an emergency. If even longer excursions are neces-
sary, it should be possible to make them with much shorter decompression
periods than for comparable excursions from the surface.

Any free dive at great depths will have a considerable problem of gas
supply. A diver at 700 feet will have a respiratory minute volume of several
hundred standard liters/min. Any self-contained breathing apparatus used
at such depths must be of a recirculating type if it is to have any practical
duration. A closed circuit apparatus is the most economical in terms of gas
usage. However, the nced to control oxygen tension in the breathing bag
within narrow limits, in order to prevent oxygen poisoning or hypoxia,
presents major technological problems. Semi-closed circuit apparatus,
such as the Mark VI apparatus used in Sealab I and Sealab II, is much
safer but of more limited duration. In Conshelf III and, to a lesser extent,
in Sealab II, hookah apparatus was used, pumping gas from the habitat
atmosphere to the diver and back. This may be the most practical solution
to the endurance problem. Although it shackles the diver to hoses and their
hazards, it has the added advantage that a telephone cable can be incor-
porated into the hose.

Saturated divers making excursions at great depths probably will be
able to limit their diving to excursions which carry little or no hazard of
decompression sickness. Similarly, the hazard of traumatic gas embolism
should be small, since the proportional expansion of gas in the chest is
much less in an ascent to a deep habitat than it is in ascending a similar
distance to the surface. Nevertheless, it is poor procedure to dive under
conditions where no available diving tables apply. Decompression sickness
might result from a very deep or very long excursion, and eertainly could
follow repetitive excursions. Inadvertent ascent above the saturation depth
can readily produce deecompression sickness, which might not be adequately
treated by simply returning to the habitat. A diver unconscious from oxygen
poisoning or hypoxia might easily suffer a traumatic gas embolism while
being hauled back up to the habitat by his partner. Surfacing for recom-
pression therapy at a support facility is unthinkable, since it would almost
certainly produce massive, fatal decompression sickness. It therefore be-
cones necessary to plan the inclusion of a recompression chamber in the
habitat. This further necessitates the ealculation and testing of new treat-



Excursion Diving from Saturation Exposures at Depth 253

ment tables. Present treatment tables are based on the principle of reducing
bubble size. This concept might have to be abandoned for treatment in a
deep saturation habitat, since increasing ambient pressure by a factor of
four to six times would be utterly unfeasible with present technology.
Utilization of pure oxygen to speed elimination of inert gas would have to
be foregone. Minimizing, in the treatment breathing mixture, the partial
pressure of that inert gas which has produced the bubbles is too important
a factor in treatment to be abandoned, however. Since pure oxygen cannot
possibly be used, consideration should be given to making up the breathing
gas for treatment with one or more inert gases not present in the gas used
for the dive. The new treatment table, then, might combine an elevation
of pressure (much less in proportional terms than in present treatment
tables, but hopefully sufficient to reach the “depth of relief”’) with shifting
of inert gases to accelerate elimination of the offending gas.

TFor both diving tables and treatment tables, consideration must be given
to the fact that submerged habitations will be put down over a considerable
range of depths, probably from 200 feet or less to 600 feet or more. Since
bottom topography and job considerations may preclude placing the habitat
at a precise depth to accommodate the tables, it would appear that a vast
number of tables might be required, based on saturation at all possible
depths. It would be nearly impossible to test adequately such a profusion
of tables. Hopefully, the no-decompression limits will prove sufficiently
liberal that it will be sufficient to prepare tables based on saturation at a
number of depths (possibly in 50-foot increments or greater) and let stations
at odd depths use the table for the next shallower depth. Once the rela-
tionships are better understood, some interpolation between such tables
might be possible.

Conclusions

1. The no-decompression curve for diving from the surface is shifted
when excursion dives are made from saturation on air at 35 ft gauge. The
shift is in the direction of greater allowable depths and bottom times, and
it is of very significant magnitude.

2. The lack of specific diving tables and treatment tables for working
from submerged habitats at hyperbaric pressures creates a dangerous
situation for the divers involved.

3. There is an urgent need for the preparation of such tables, including
enough saturation depths to provide effective coverage for divers anywhere
on the continental shelf.
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Decompression Procedures
for Deep, Open Sea

Operations

The experiments to be described were designed both to provide further
facts regarding the etiology of decompression sickness, and also to enable
safe decompression procedures to be devised for deep dives in the open sea.

The first point to be established is how quickly, from the point of view
of decompression sickness, does helium saturate the body tissues. Estimates
have been made, but no sufficiently sound data are available. Some experi-
ments by Duffner (1) suggest that the time to saturate the body tissues, as
measured by the no-stop dive curve, is in the order of 12 hours, and hardly
distinguishable from nitrogen. Looking at the solubility of helium in body
tissues this result is somewhat surprising.

Assuming perfusion factors do not alter and taking as true the observa-
tions of Jones (2), then if the exponential exponent of the major slow com-
ponent, assumed to be fat, is Ka where « is the partition coefficient for the
gas concerned between blood and fat tissue and K is the tissue perfusion
factor, the ratio of the exponential exponents changing from nitrogen to
helium will be Kay/Kas i.e. ai/as where a1 is the partition coefficient (wa-
ter/tissue) for nitrogen and @, that for helium. Using the accepted values of
o1 = 1/5.2 and @z = 1/1.7 then an/as = 1/3 very nearly. This means that
the very slow fat component seen when breathing nitrogen will be altered
when breathing helium to a tissue with a half-time 3 times smaller. Taking
60 minutes to 120 minutes as an appropriate range of values for the half-
times on nitrogen one would expect the corresponding half times on helium
to range between 20 minutes and 40 minutes. The effective saturation time
would then be 2 hours to 4 hours.

Alternately one may suppose that in decompression sickness all the
mechanisms are diffusion limited and in this case the speed of saturation
would be expected to vary nearly in accordance with Graham’s Law, with
helium saturating the relevant tissues 2.65 times as rapidly as nitrogen. In
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practice, without vast numbers of experiments, this will be indistinguishable
from the expectations of the perfusion limited ideas.

The first set of experiments was performed using female goats. The animal
was placed in the pressure chamber and the door closed. All air inside was
replaced by displacement with 80 % He-20 % O while the animal was kept
at atmospheric pressure. This took 3 or 4 minutes. Then the pressure inside
was raised using 80 % He-20 % O, at a rate of 60 feet per minute to the de-
sired level. After a certain time at this constant raised pressure the animal
was decompressed at a uniform rate in 2.5 minutes back to atmospheric
pressure. The door was opened and the animal brought out into air and
watched for signs of decompression sickness.

The spread of results at various fixed times is displayed in Figure 70.
The animals show no detectable difference in their threshold values for de-
compression sickness after a 50 minutes exposure. Reference to a similar
curve of results on goats established using air as the breathing medium will
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reveal that there is a just detectable difference between a 3 hour and a 4
hour exposure (6). Accurate comparison is difficult to make because only 6
animals were used to obtain the helium results whereas over 50 animals
were used to obtain the air results. Within the limits imposed by relatively
small numbers and also by the fact that searching for decompression sick-
ness thresholds is performed using 5 feet increments, it is possible to state
with confidence that goats effectively saturate with helium in not less than
40 minutes and not more than 90 minutes. Taking 65 minutes as being the
average for most normal animals one would expect from both the perfusion
and diffusion theories a saturation on air time of approximately 3 hours,
which accords well with the practical findings.

An attempt was made to define the problem similarly using six men. The
times of exposure chosen were 16 minutes, 120 minutes and 240 minutes.
The procedure adopted was as follows.

Two men entered the pressure chamber and the door was closed. One
man seated himself on a rowing machine, the other on a chair. They were
compressed on air at 100 feet per minute. At the 35 feet level the men put
on noseclips and commenced breathing 90 % He-10 % O via a demand valve
from a bank of high pressure cylinders on the outside of the pressure cham-
ber. Once the desired pressure had been reached the man on the rowing
machine commenced a two minute period of vigorous rowing. Upon com-
pletion of this work the men changed places, and these alternate periods
of work and rest continued throughout the dive time. On decompression the
men took a lung full of oxygen at either 50 feet, or just before leaving the
depth, depending which was the shallower and were brought back to at-
mospheric pressure at a uniform rate of 50 feet per minute. The outline
results are displayed in Figure 71. Certain resemblances to the goat results
are immediately apparent. For short dives of 16 minutes duration there are
cases of decompression sickness on helium at levels below the accepted
normal practice on air,

On the other hand for the dives of 4 hours duration it seems that the
helium performance is better than the air one. Using such small numbers it
is impossible to state this with any certainty. The situation, particularly
for the prolonged dives, is further complicated by the possibility that men
can acclimatise themselves. This may be illustrated by the following ob-
servations. When the 2 hour exposures were commenced all 6 men completed
a 40 ft. depth without incident. Two days later a 45 feet exposure yielded
very minor fleeting pains in some of the men. This was interpreted to mean
that they were near more serious troubles and therefore only 3 feet incre-
ments in pressure were now employed. The experiments continued therefore
with exposures of 48 feet, 51 feet, 54 feet etc. up to 72 feet. Throughout
these experiments transient post-decompression pains (niggles) were en-
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countered at 51 feet, 57 feet, 60 feet, and 69 feet. These niggles were such a
low level of trouble that it was not thought worth recompressing the man
concerned. There were no itches or rashes accompanying any of these
niggles. At 72 feet however, one man of a pair had a severe attack of de-
compression sickness almost immediately after reaching atmospheric pres-
sure. This was considered the threshold for this group. It is of interest to
note that 3 of the divers completed 2 hrs. at 75 feet without any ill effects
whatsoever and that one of these three had complained of a mild transient
pain after the 45 feet exposure very early in the zeries. Next these same
men carried out 4 hour exposures. At 55 feet all 10en completed a trouble-
free exposure, but at 60 feet two bends occurred. The position was now that
6 men had completed 2 hour dives, with minor aches and pains occurring
sporadically at all pressures greater than 45 feet, but 72 feet seemed to be
the upper limit for these transient post-decompression events. For 4 hour
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exposures no troubles were encountered at 55 feet, but 60 feet seemed to be
too much for a no-stop dive. After these 6 men had been carried through the
first series of exposures, a second series not shown in Tigure 71 was started
with a group of 4 men. These men were given an initial exposure of 2 hours
at 55 feet. One man had to be recompressed and two others had attacks of
niggles. The man who had to be recompressed and one of his companions
who had an attack of niggles were together tried at a later date on a dive of
4 hours at 45 feet which gave them no troubles at all.

Three facts are apparent from the results to-date.

a) The spread of pressure covering all forms of decompression sickness is
very great. For the two hour exposures at least from 45 feet to 80 feet
and for 16 minutes exposure at least from 85 feet to 130 feet.

b) It is possible to acclimatise to helium decompression, just as has been
found amongst caisson and tunnel workers breathing compressed air
(3). New starters, or men who have not dived for several weeks display
lower decomp