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FREFACE

This volume contains papers presented at the Internatiomal
Symposium on Physiology of Man im the Sea, held on July 13-15, 1975,
in Honolulu, Hawaii, U.S.A. in conjunction with the Sixth Underwater
Physiology Symposium (July 6-10, 1975 at San Diego, Califormnia, U.S.A.).
The symposium was sponsored by the Department of Physiology, Univer-
sity of Hawaii School of Medicine, and was conducted in cooperation
with the Undersea Medical Society. The State of Hawali Marine
Affairs Coerdinator's Office provided the major financial support
{(Task Order No. 50) while the NQAA Sea Grant (04-3-158-29) also
contributed financially. I gratefully acknowledge this valuable
support, without which this symposium could not have been organized.

The Department of Physiology of the University of Hawaii School
of Medicine has been actively involved in research on the Physiology
of Man in the Sea since 1968. Generous support provided by the NOAA
Sea Grant, the 0ffice of Naval Research, and the State of Hawaii
Marine Affairs Coordinator's Office gave us an opportunity to
develop a multidisciplinary research program on human performance
in the sea. This program, which started out in 1968 with a study
on cardiorespiratory functions of Hawaiian SCUBA divers, led to
completion of a major dry saturation diving experiment (Hana Kai II)
in which five divers spent 17 days at 18.6 ATA in March - April 1975.
During these vears, we accumulated a wealth of information on the
physiclogy of man under various diving stresses, and it became
necessary to share our experiences with other colleagues in the
world. Consequently, this symposium was organized to: 1) reassess
the University of Hawaii's 'Man-in-the-Sea' program in relatiom to
similar programs in other parts of the world; 2) exchange scientific
information in areas of our current interest (e.g., under-
water exercise, effects of inert gases, saturation diving, decom-
pression sickness); and 3) consider direction of future research on
the "Man-in-the-Sea' program. These objectives were met by the
excellent program set up by the Local Organizing Committee, and I
express my sincere gratitude to all members of the Committee.

The symposium was attended by approximately 60 scientists from
Japan, Sweden, Switzerland, South Africa, the United Kingdom, the
United States, and Yugoslavia. Since the group was relatively small,
there were uninhibited discussions on scientific matters. The
Local Organizing Committee expresses its sincere appreciation to
all attendees for their active participation in the discussions.

The University of Hawaii Conference Center, under the direction
of Mr. Harold Brown, handled all administrative matters excellently
in coordination with Mrs. Jane Inouye, the Secretary of the Local
Organizing Committee. I am greatly indebted to them for their
splendid efforts.



The
special
Medical
my deep
editing

publication of this volume was made possible through the
effort made by Dr. Charles Shilling on behalf of the Undersea
Society, to whom I extend my special thanks. I also express
gratitude to Mrs. Shirley Dudziak for her valuable help in
this volume. The Undersea Medical Society prepared this sym-

posium for final publication. My thanks go to Marthe W. Beckett,
technical editeor of UMS, and Carla Walsh, who typed all of the final

copy.

Suk Ki Hong,
Editor

xvi.
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SESSION I: PERSPECTIVES--MAN-IN-THE-SEA

A. U.S. NAVY PROGRAM: ROBERT C. BORNMARN

The purpose of the Navy's Undersea Biomedical Research Program
is to provide the biomedical knowledge necessary for safe deep sub-
mergence operaticns and suppert of our submarine fleet, and to be
able to salvage, reconnoiter, or build safely anywhere on the conti-
nental shelf (defined as underwater down to 830 fsw). The program
output is software; no equipment is produced, although the informa-
tion generated is applied to biomedical design criteria for effective
diving equipment and to the development of safe, efficient operational
procedures.

Funding for the program is five million dollars annually, 60C%
for Advanced Development, and 20% each for Exploratory Development
and Basic Research. Of that total, approximately 47% is expended in
Naval Medical Research and Development Command laboratories, princi-
pally at the Naval Medical Rescarch Institute in Bethesda, Maryland,
and at the Naval Submarine Medical Research Laberatory in Croton,
Connecticut. About 8% goes to other Navy laboratories and activi-
ties and 45% goes to civiliam rescarch through Office of Naval
Research (ONR) contracts. Coordination with ONR is close, and an
active liaison is maintained in concept development and program
planning, including collaborative funding of somc contracts, and
contract monitoring and review.

Potential customers are represented by 3,000 Navy divers of all
types and 25,000 submarine personnel., Naval manned underwater
operations can be divided into Underwater Demclition Teams {UDT)
and SEAL units, Explosive Ordnance Disposal (EOD) specialists, Ship
Repair and Ship Salvage groups, and deep-diving teams prepared to
search for and retrieve obhjects lost underwater and to do deep
salvage of sunken airplanes and small ships. The Seabees have units
working on underwater construction. Submarine fleet operations have
taken on an increasing strategic importance in the last decade, and
an ancillary program for submarine personnel rescue or individual
submarine escape has been maintained. There is also a small naval
group involved in the increasingly important operation of small
submersibles.

Saturation diving, in which divers remain under pressure for
days or weeks, has made extremely deep diving operations safe and
practicable. 1In the typical saturation deep-diving operation, the
divers live in a Deck Decompression Chamber (DDC) on board a surface
vessel. The DDC is compressed with diving gas, generally a mixture
of helium and oxygen, to a pressure equivalent to that of the water
depth at which the divers are working. At the beginning of a
work period, a team of divers enters a Personnel Transfer Capsule (PTC)
which is "mated" to the DDC and pressurized to an equal gas pressurc.
The two hatches or doors which make independently pressurized units



of the PTC and DDC are closed. The connecting tunnel is depres-
surized, the massive clamp holding the two together is released,
and the PTC, with its diver occupants, is lifted by a crane and
placed in the water.

The PTC is lowered through the water until a depth is reached
where the water pressure outside equals the gas pressure inside the
PTC. At this point the outside hatch of the PTC can again be opened,
and the divers can exit into the water to begin their work. At the
completion of their shift, the divers re—enter the PTC and seal the
hatch. The PTC is lifted to the surface and out of the water and
repositioned over the DDC mating skirt. The clamp locks the PTC
securely onto the DDC, and the small connecting tunmel is again
pressurized. Minor adjustments are made to equalize the pressures
in the three vessels precisely, and the separating hatches are
again opened. The divers climb down into the DD to eat, refresh
themselves, or rest until their next work shift. The major decompres-
sion ascent to the surface, which takes many days, is deferred; all
the divers are decompressed at one time in the DDC.

Such saturation Deep Diving Systems (DDS) are installed on the
USS FLK RIVER (IX501), a diving support vessel in San Diego, on
the USS PIGEON (ASR 21}, and the USS ORTOLAN (ASR 22), two submarine
rescue vessels in San Diego and in Norfolk, and on a diving barge of
the Atlantic Fleet Support Force in Norfolk. A world record dive
at sea was made te 1143 fsw near Panama City, Florida, with this
equipment in 1975.

The gas atmosphere within the DDS is an ‘artificial one and must
be continually adjusted. Oxygen pressures are generally maintained
mechanically at a partial pressure close to that which exists
normally in air at the surface. Carbon dioxide produced by the
occupants must be removed. The increased pressure is produced by
compressing metabolically active gases with an inert diluent, such
as helium or nitrogen. Understanding the potential biomedical
problems within the DDS would include a knowledge of the effects on
the human organism of a range of oxygen and carbon dioxide pressures,
the effect of pressure per se, as well as the effects of nitrogen
or helium, which are not truly inert at high pressure. Contaminants
such as carbon monoxide and hydrocarbon gases must be identified and
their potential toxicity understood.

The presence of inert gas in the diving gas mixture necessitates a
controlled ascent or decompression to prevent the occurrence of
decompression sickness. This research program deals not with decom—
pression schedules or tables, which must be linked to the squipment
used for any dive, but with the fundamental principles of inert gas
transfer within the body which are necessary for the formulation of
such schedules. Decompressicon sickness does occur in diving, and
it can be extremely serious; high priority in our program is given
to developing better metheds of therapy for that injury.
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The purpose of underwater operations 1s to perform work, and
there is little purpose in risking a diver in the water unless we
can maintain his human faculties of vision, hearing, manual dexterity,
and good judgment to a large extent. The focus of our effort in
human engineering and performance research is directed to this end.

Cold is pervasive and potentially crippling in the deep ccean,
and biomedical aspects of cold have been an important element in
designing protective diving equipment for deep diving. As our naval
operations move into the Arctic and under the polar ice, cold pro-
tection will become more important in shallow diving. Aseptic bone
necrosis has been z major cccupational injury in tunnelling and
compressed air work for some time. More recently it has been
discovered that such changes can be noted on bone radiographs from
divers as well. A recent Navy survey has shown that asymptomatic
radiographic changes can be found in the bones of less than 37 of
Navy diving.personnel. Severe necrosis can cause painful and crip-
pling arthritic deformation, however, and we have as yet no under-
standing of how the injury is precipitated or of its natural progression.
We hope to find the answer through research.

When a diver is placed in the cramped confines of his DDC, he
relies on the Navy to maintain him and to deliver him safely. The
Navy medical department is responsible for the treatment of any
injury or illness he may suffer within the DDC. The requirement
for decompression makes an emergency evacuation almost impossible.
Limitations in visualization and communication may make diagnosis,
even of simple problems, very difficult. Even with a corpsman or
a medical officer pressurized in the chamber, there are logistic
problems in obtaining necessary diagnostic and treatment instruments,
and there is some question about the safety or adequacy of common
medications under high-pressure conditions.

The Navy has only recently begun constructicn of new high-pressure
research and test facilities to support the diving program. The
Experimental Diving Unit has been moved te the grounds of the Coastal
Systems Laboratory in Panama City, Florida, to take over the operation
of the new Ocean Simulation Facility there. That chamber complex has
a pressure capability of 2250 fsw and an enormous wet chamber, large
enough to maneuver a small submersible in. Panama City will become
the center for the development and testing of diving equipment
for the Navy.

Now taking form in Bethesda is the building which will house the
Fnvironmental Health Effects Laboratory (EHEL) of the Naval Medical
Research Institute (Fig. IA-1). Four chambers of that pressure
facility, including a wet pot, will be capable of pressures
to 2300 fsw and two additional connecting chambers will be rated to
pressures of 3400 fsw. Operations are scheduled to begin in EHEL in
calendar 1978.



Fig. IA-1. Architect's drawing of Environmental Health Effects
Laboratory at Naval Medical Research Institute in Bethesda, Maryland

There are two unique maneuvers which span the gap between normo-
baric submarine operations and hyperbaric diving operations. They are
individual escape from a submerged submarine, and crew rescue from that
submarine using a McCann Chamber of a Deep Submergence Rescue Vehicle
(DSRV}).

In submarine operations, the interior of the pressure hull is
kept at near normal (1-ATA) pressure, and hatches are constructed to
seal with pressure from the outside. It is possible (extraordinarily)
for a passenger to open an external hatch if the interior pressure,
usually in a specially constructed small rescue trunk, is raised to
equal the external water pressure. In submarine ascent the individual
is provided with a bucyancy vest to 1ift him rapidly to the surface.
A hood can also be provided to keep water off the face and mouth of
the escapee. As he ascends, the air expanding within the buoyancy
bag escapes through relief valves placed to maintain a flow of air
across his face. No other breathing device or source of air needs to be
provided. A well-trained individual can escape even without a hood,
but the risk of panic and of air embolism is much greater. An
exposure suit can be added to the buoyancy vest to prolong survival on
the surface while waiting to be picked up.
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In 1970 a team of Royal Navy submarine-escape instructors from
HMS DOLPHIN in Gosport made repeated and successful ascents from a
Roval Navy submarine submerged to depths considerably in excess of
the 200 odd feet from which Captain Bond and Commander Steinke had
made two world-record ascents with American equipment a decade earlier.
The biomedical research program necessary to support a USN deep-escape
capability has since been completed at NSMRL.

Doctrinal emphasis in the U.S$S. Wavy for rescue of the crew of a
disabled, bottomed submarine has always been upon the use of a 1-ATA
rescue chamber or rescue submarine. Two DSRV's at Submarine
Development Group One in San Diego have been designed for submersible
operation to 500 fsw and also have the capability of mating with a
submarine in distress at depths down to 2000 fsw. Procedures for this
latter operation are now being worked out. The DSRV's can operate
either from the new ASR's {ASR 21 class) or from specially modified
nuclear "mother submarines."

The Naval diving systems that have been discussed are capable of
operation to 850 fsw, although considerably more work remains to be
done to exploit that capability safely, especially at pressures
within the deeper range. Extension of this capability down to
diving depths of 1500 fsw appears a reasonable geal now, and we have
been asked to do so, with a long-range objective of determining if
2500-fsw diving depths are attainable and at what physiologic or
economic cost.

Continental shelf bottom depths lie under 10% of the oceans’
surface, an area equal to onc quarter of the world's land masses.
Bottom depths 1000 fsw deeper than this cover a significant geographic
area and possess the potential for mineral-resource exploitation.
Submersibles capable of going to 20,000 fsw, however, would be capable
of operating under 98% of rhe world's ocean surface. Whether the
requirement for a specific Naval operation will call for manned
diving, manned submersibles, unmanned remotely controlled submersibles,
fixed 1-ATA ocean-floor structures, or an integrated mixture of these
components, the responsibility for a medical program to suppoert the
development of these Naval capabilities will fall to the submarine
medical service and its civilian counterpart.

Problems in diving medicine research currently include the fol-
lowing:

1) Underwater Breathing Apparatus. There is a critical need for
biocengineering design criteria to improve underwater breathing
apparatus for use at very great depths, to be used with present Deep
Diving Systems within their deeper range capabilities from 600-1000 fsw,
and for future use with Deep Diving Systems teo attain depths to
1500 fsw or deeper. We need to provide adequate volume flow at low
resistance to prevent carbon dioxide buildup and retention by the
diver.
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2) Faster Decompression. European decompression schedules are
roughly twice as fast as U.§. Navy ones: ascent from a 1000-fsw dive
in & days versus 11 days with USN decompression. This may result
from their use of higher oxygen levels, which might expose divers to
increased risk from hyperbaric oxygen toxicity. An investigation is
underway tc determine if the decompression benefit is real and how it
can be best achieved while avoiding oxygen toxicity.

3) Aseptic Necrosis of Bone in Diving. Prevalence of non-
symptomatic bone changes is less than 3% in Navy practice, which
compares with the situation in the best-regulated commercial diving
practice. More must be known about this injury, its pathogenesis,
and its natural history.

4} Personnel. A fundamental, continuing preblem is to find
qualified, trained researchers with good ideas to work in our new
high-pressure research facilities.

Goals for the research program in Diving Medicine are to:
1) improve the perscnal equipment of the diver to enhance his effec-
tiveness and improve safety; 2) give the diver more working time in
the water; 3} safely decrease decompression time requirements;
4) eliminate aseptic bone necrosis as a diving problem; and 5) extend
diving capability to its limit.
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B. MAN-IN-THE-SEA PROGRAMME IN THE UNITED KINGDOM: DAVID H. ELLIOTT

For those concerned with research into the safety and efficiency of
man under the sea, it is beneficial to review perspectives broader than
those of specific research projects, many of which were covered at the
Sixth Symposium on Underwater Physiology. It may be profitable to
spend a few minutes leooking at the whole picture of diving, particularly
those medical problems in the United Kingdom which have arisen from
the recent growth of international diving activity In the North Sea.

It is useful to consider the United Kingdom program for the support
of diving operations in the areas of occupational health, emergency
services, research, and training.

The offshore exploration in the North Sea has had an effect on
many different sectors of medicine. The larpe populations of migrant
workers brought into relatively remote areas of Scotland have caused
problems for the local health services which need not concern us in
detail, but which serve to illustrate the impact upon local communities
of a rapidly growing offshore industry. The concept of offshore
medicine has been widely used in the U.K. to cover all those medical
problems which may be associated with the ships and rigs of the North
Sea. The logistics of providing an industrial health service offshore
are being solved by the oil companies and their subcontractors.

While there is room for further development in areas such as survival
after a helicopter is lost in these cold waters, the majority of
offshore problems are related to the diving industry.

Perhaps the most important development in this field has been the
introduction of legislation, the Offshore Installations (Diving
Operations) Regulaticns, which came into effect on 1 January 1975.

The various government agencies which share responsibilities in the
North Sea now have some measure of control over diver safety and
health. In addition te existing rules specifying the minimum provi-
sions for compression chambers and other diving equipment, there are
regulations which require every diver working in the British sector

of the North Sea to have an annual medical examination by a doctor
approved for this purpose by the Secretary of State of the appropriate
government department. This physical examination is laid down in the
CIRIA (Construction Industry Research and Information Association)
"Principles of Safe Diving Practice" and was originally based on that
used in the Roval Navy for the experimental deep-diving team. It is
extensive but needs no further elaboration here. No special medical
skills are required to conduct such an examinaticn but the interpre-
tation of the results in terms of the fitness of a particular diver

to continue his profession does require that the examining doctor have
a special knowledge of diving and its hazards. For this reason

the Regulations state that the approved doctor must have attended a
suitable course of Underwater Medicine and occasional refresher training.
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There is much potentially valuable information in the ccllected
medical records of these divers and there are proposals to establish a
data bank. However, 1f correlations are to be sought between the
results of the long-bone X-rays and the possible etiological factors
of osteonecrosis, much more information about individual diving acti-
vity and decompressicon incidents needs to be collected. To assemble
this data completely would not only be an enormous task but would also
necessitate overcoming the natural reluctance of commercial diving
companies to disclose the details of their decompression tables.

It is not surprising that the attention of the British media has
been riveted on the fatal diving accideats in the North Sea. 1t is
clear that professional diving is a high-risk occupation and that some
of these deaths might have been avoidable. Indeed the civilian physi-
cian has come in for particularly harsh criticism, some of it ill-
informed and quite unjustified.

Offshore Emergency Medical Service

The emergency arising from a major disaster at sea, such as the
collapse of a rig, requires coordination among several authorities and
need not concern us here. For lesser accidents there must be an
offshore emergency medical service. It must provide cover for accidents
quite unrelated to diving and, although these are in the majority,
their management is relatively straightforward. The diving emergency
which requires a specialist probably concerns either decompression
sickness which is beyond the scope and experience of the diving super-—
visor or scome traumatic accident to a diver while he is still at depth.

The first such emergency medical service in the United Kingdom was
organized at Great Yarmouth some years age for the gas fields in the
southern North Sea. A group medical practice has now been formed into
the Institute of Diving Medicine to provide a center for such services.
At Aberdeen, a center for the current and extensive offshore opera-
tions in the bleak and inhospitable waters of the northern North Sea,
the Institute of Offshore Medicine, has been established by the
University of Aberdeen with support from the U.K. Offshore Operators
Association. Its functions include providing emergency medical service
for the offshore industry. It is also intended that the Institute will
hecome the center of an offshore occupational health service and of
related research activities. It is not for me to comment upon these
civilian institutes, both of which have their merits, their aspirations,
and their problems, but it is my personal view that they have been
established none too early to meet the urgent demands with which they
are currently expected to cope.

U.K. Diving Research Programs

I will not spend time on the organization of financial and govern-~
mental suppert for the U.K. diving program; suffice it to say that
responsibilities are divided among many authorities and that there is
no single coordinated U.K. program outside that of the Ministry of
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Defence. To review the U.K. research field I have chosen to proceed
not by research topic but on a geographical basis. This, of course,
exposes me to possible criticisms of omission and bias, but it is my
intention and hope to be impartial.

Scotland, Ireland, and Wales

At Aberdeen, where most oil and diving companies have their North
Sea headquarters, there are to be at least two commercial deep-
compression chambers, but these are reserved for emergency and training
purposes and no research program has been planned around them. The
Institute of Offshore Medicine at the University of Aberdeen is so
recently established that there is no active program of research
beyond those items which are already related to its existing surgical
hyperbaric unit and its interests in cold weather exposure. Scotland's
only Department of Occupational Health is at the University of Dundee
but, while it has plans for research based on a commercial chamber
there, Dundee was considered by the U.K. Offshore Operators Assoclation
to be too far south from the Aberdeen heliport to become the base for
its operations.

At the Western Infirmary, Glasgow, there has been an active
program hased on its surgical hyperbaric unit for many years. Much
of this work should already be familiar to you, but current studies into
the mechanisms of pulmonary oxygen poiscning and edema are worthy of
special mention. .

At Edinburgh there is, as far as I can discover, no medical research
program directly related to diving interests, but one should acknowledge
that city's Professor of Medicine, Professor Donald, not just for his
work on acute oxygen toxicity iIn the 1940's but for his continuing
participation as a consultant in this field.

Pending 0il exploration of the Celtic Seas, diving activities
based in Ireland and Wales are minimal.

England

The work done at Newcastle needs no introduction from me. The
Medical Research Council's Decompression Sickness Panel and Registry
of Compressed Air Workers have pioneered health surveys and, with the
RNPL (Royal Naval Physioclogical Laboratory) have provided safe decompres-
sion tables for compressed air workers. The MRC (Medical Research
Council) classification of the radiological lesions of aseptic bone
necrosis is acknowledged worldwide and its collection of bone X-rays
now includes a significant number of commercial divers. The recent
research program there has investigated the origin of micronuclei in
the body, the use of ultrasound to detect early intravascular events
during decompression, and animal studies of aseptic bone necrosis
(which are discussed by Professer Walder later in this Symposium).
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In the Department of Pharmacelogy at Oxford University, Professor
Paten has a long-standing research program in the hyperbaric research
field. With the Department of Physical Chemistry they were among the
first to use the exotic gases, such as SFg, as a research tocl in this
field and they have made fundamental contributions on the mechanisms of
narcosis and the pressure-reversal of anesthesia. Related animal
studies of convulsions in very deep diving are continuing at the MRC
Clinical Research Center near London. Other Oxford studies have
included decompression performance using the exotic gases, pulmonary
edema, the origin of intravascular bubbles and studies of the influence
of absolute pressure upon the threshold for oxygen toxicity.

At the risk of making some unintentional omission, it seems fair to
say that there is no other biomedical work in the civilian diving sector.
The only unit capable of human deep-diving research in the United
Kingdom is that at Alverstoke. 1In the Royal Navy there 1s a continued
saturation diving program. The safe accomplishment of 250-meter,
7-day saturation diving tables in our wet and dry chamber, the Deep
Trials Unit at Alverstoke, was reported at San Diego (Sixth Symposium)
and the first dives to confirm the validity of these tables are being
conducted at sea.

At the Royal Naval Physioclogical Laboratory a methodical program,
free from any operational demand for haste, has been initiated
recently to lock at the physiclogical problems related to the depth
limit of helium~oxygen diving. It is anticipated that this proiect
in the RNPL deep dry chamber (700 m) will run for several years, its
pace and the depth to be attained being determined solely by acadenic
progress. It is also worth noting, among so much worldwide pioneering
research intc man—-in-the-sea, that RNPL, like many other laboratories,
is also concerned with a number of the basic problems which are stiil
incompletely answered at shallower depths. These include the calcula-
tion of decompression tables for nonsaturation dives, a 5-year follow-
up of the bone necrosis survey in naval divers, mechanisms of oxygen
toxicity, hematological studies, aspects of respiratory physiology,
and the evaluation of underwater breathing apparatus.

However, the Royal Navy has one program that is unique: research
into submarine escape. This program, also perhaps applicable to
smaller submersibles and to 1-ATA sea=-bed habitats, is based-on a need
for survivors to escape without any intervention by surface support
(such as the use of a Deep Submergence Rescue Vehicle (DSRV)}.

The safe escape of men from submarines as deep as 600 fsw by the
technique of very rapid compression while breathing compressed air

was proved in the open sea five years ago and is now in operational
service. Safe escapes deeper than this depth are undoubtedly possible
in an emergency with existing equipment and, while a laboratory
program at RNPL continues to examine ways of extending the safe

limits of the Royal Navy escape system, current work is focused

ppon those accidents which occasionally occur during submarine escape
training. We believe that our training techniques are as safe as
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they can be made and that our treatment of burst lung and air

embolism is as good as is available anywhere, but we are nevertheless
charged with the responsibility of searching for any possible
improvements. This research into pulmonary barotrauma and its compli-
cations 1is directed into three principal channels! the retrospective
investigation of the patient following an incident, including a detailed
clinical study at the Royal Naval hospital (Haslar) in an attempt to
locate possible etiological factors; a study of breathing patterns in
the hooded suit during ascent through the water; and a pathophysiological
study of pulmonary barotrauma and cerebral arterial air embolism and

the possible development of new therapies (a field of research also
relevant to certain diving casualties).

While the work on air embolism may be considered toc have some
relevance to other clinical forms of cerebral infarction, its importance
stems from the need for safety in naval training and has thus been
allocated a high priority.

U.K. Diver Training Program

To complete the picture of U.K. diving activities I would like to
mention some of our training programs. To meet the urgent need for
more helium-oxvgen supported divers in the North Sea a government-
sponsored training center is being established in the deep waters of
Loch Linnhe on the west coast of Scotland. Beyond essential medical
cover, there are no firm plans for any biomedical involvement at this
stage. The need to train the rig medics in the basic principles of
diving is acknowledged even though this is regarded as being a
responsibility of their employers.

The approved physicians who perform the annual medical examination
of commercial divers in the British sector of the North Sea are
required to have attended a suitable course of instruction in under-
water medicine. One must welcome the recognition by government authori-
ties of the importance of training in this field, even for those physi-
cians who remain ashore. At present the only such course in the U.K.
is the introductory course held for medical officers in the Royal Navy.
The slots allotted to civilians in this course, held at the Institute
of Naval Medicine, Alverstoke, are now fully booked with a 12-month
waiting list. However, the number of physicians already approved should
be sufficient to meet the present demand.

A major difficulty, and one that is not confined to the North Sea,
is that of training the civilian physicians who might fly out to the
site of a diving emergency. There is no formal program for such
training in the U.K. The majority of those who have volunteered to
undertake this responsibility have attended the Royal Navy's intro-
ductory course and one or two of them have been able to stay for
a longer period with us at RNPL. For those who may need to enter a
compression chamber in order to provide the primary care for an
injury or illness which has occurred at depth, perhaps this training
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is sufficient; but for those who may be called upon to attend a

diver at depth when the incident is due to a diving accident or a
decompression disorder, the l-week course is clearly inadequate. The
minimum qualification for such a physician should be training as a
professional diver, naval or commercial, plus the experience of having
been involved with an experimental or operational diving team for

some years. Such standards mean that there can be no quick response
to the need for more physicians in the Cffshore Emergency Medical
Service in the North Sea.

Concluding Remarks

In spite of these many preoblems, the rapid expansion of diving
off the coast of the United Kingdom during the past decade has
brought us one advantage. The problems of diving have been brought
to the attention of the general public. Some might say that the
attention glven toc diving fatalities by the public media has been
excessive and not always well-informed, but at least there is now
awareness at all levels of society of the hazards of diving and the
Importance of diving to the national eccnomy. While the U.K. has
no coordinated program outside that of the Ministry of Defence,
there is a feeling of quiet optimism amongst those in this field of
research that the next decade will prove tc be even more important
in the development of U.K. underwater activities.

Summary

The United Kingdom program in support of diving operations is
reviewed with particular reference to those problems which have
arisen as a result of the recent growth of international diving
activity in the North Sea. Occupational health services and offshore
emergency medical services are among the essentials which this
development has nccessitated. The introduction of the Offshore
Installations (Diving Operations)} Regulations in early 1975 marked
the beginning cof statutery controls covering nearly all aspects of
commercial diving operations. Research in the U.K. into the problems
of diving is reviewed on a geographical basis and the current
propgram of naval research into aspects of submarine escape is
considered to be of particular importance.
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C. MAN-IN-THE-SEA PROGRAM IN JAPAN: MOTOHIKO MATSUDA

In the early 1960's, undersea habitation experiments were performed
by French and United States marine scientists; the success of these
experiments, which advanced the technology of undersea habitation
using saturated diving techniques, stimulated the interest of marine
scientists and engineers in Japan. In 1965 the Science and Technology
Agency of the Government of Japan provided a grant for comprehensive
study of the more recent advances in these fields with the intention
of launching similar experiments in Japan. Using this grant, a
group of scientists asscociated with the Tokyo Medical and Dental Univer-
sity conducted a successful saturation diving experiment teo a depth of

100 m in 1967.

In 1968, the Agency contracted with the Japan Association of Under-
water Exploitation to perform an engineering study and to construct an
undersea habitation system, consisting of an undersea habitat, a buoy
equipped with a Deck Decompression Chamber (DCC), and a Personnel
Transfer Capsule (PTC) aboard to support the habirat from the sea
surface. The construction of the whole system was completed by the
end of March 1971l. In early September of the same year, the Japan
Association of Underwater Exploitation conducted a test of the
engineering performance of this habitation system in shallow water
off Yakosuka, Japan. Japan Marine Science and Technology Center
(JAMSTEC), founded in October 1971, took over the Association to
conduct further experimentation with this system.

The first series of undersea habitation experiments using satura-
tion diving techniques, named SEATOPIA, was launched in 1971 by the
Science and Technology Agency of the Government of Japan as one of the
picneering projects in the field of marine science and technelogy.

The SEATOPIA Undersea Habitation Experiment was planned by the Agency
to develop an operational saturation diving system. The ultimate goal
of the habitation experiment was for four aquanauts to stay at a
100-meter depth for one month. To achieve this, twoe habitation
experiments at 30- and 60-meter depths were scheduled, and JAMSTEC
started preparations for the experiment at a 30-meter depth immediately
after taking over contral of the project from the Japan Association

of Underwater Exploitation.

Japan Marine Science and Technology Center (JAMSTEC)

To realize the orderly exploitation and harmonious utilizaticn
of the seas, it is indispensable to set up an appropriate system com-
posed of marine-related knowledge and techniques in various fields
of science and technoleogy. Because of the enormous financial outlay
and the need to muster specialists from a variety of fields to
accomplish this aim, a unified effort of the government and concerned
private circles is required. With this in mind, JAMSTEC was established
in October 1971 as one of the leading techmical research and development
organizations in the field of marine development.
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JAMSTEC is an incorporated body promoted by the civilian side and
authorized by the government in accordance with legislation entitled
"Japan Marine Science and Technology Center Act.'" It is under the
administrative contrel of the government through the Science and
Technoleogy Agency, and is run with funds furnished by business circles
and the government. JAMSTEC will carry out its mission as one of the
premoters and technical pilonceers of marine development, in wview of the
national policy and activities leading to marine development in Japan
and elsewhere, and also in consultation with industrial and academic
circles. TInternational ceooperation is another matter of interest.
JAMSTEC expects to be an impertant asset to Japan in this respect.

The mission of JAMSTEC is to raise further the levels of marine science
and technology in Japan by carrying out a variety of research and
development work, providing and managing experiment facilities for
common use, and by training researchers and engineers.

For the present, the principal tasks of JAMSTEC fall into the
following four categories.

Development of pioneering techniques. Comprehensive research and
development of some pioneering techniques which are needed in various
aspects of the exploitation and utilization of the seas will be
implemented by JAMSTEC. These techniques include underwater work,
conservation of the marine environment, and deep-sea surveys.

Arrangement and maneuvering of the large-sized research facilities
for common use. Aiming at efficiency, large-sized and costly research
facilities are constructed at and maintained by JAMSTEC for making
common use of research sponsored by the government, industries, and
academic communities. At present, the following facilities are
planned: a hyperbaric water vessel, a diving training tower, a towing
test tank incorporating a wavemaker, an underwater acoustic test tank,
a deep research submersikle, and a research ship. An undersea
simulator and a diving-training pool are alrecady offered for common
use. A towing tank and hyperbaric water wvessel are under construction.

Training of marine-oriented scientists and engineers. As an
essential way of promoting marine science and technelogy, JAMSTEC
endeavors to organize training courses in marine science and technology
for scientists and engineers with various technical backgrounds.
Educational programs for deep divers and technicians who are toc engage
in underwater projects are also to be organized.

Information and documentation services on marine technology. In
connection with the acceleration of marine technological development,
JAMSTEC implements a series of information services including collection,
analysis, and evaluation and compilation as well as dissemination of
useful technical information. Information exchange with overseas
institutions concerned with marine science and technology are
earnestly desired. There are five departments of which the following
two are related to the Man-in-the-Sea program: the Manned Undersea
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Technology and Engineering Department, and the Training Department
of the Administration 0Office. The Manned Undersea Technology and
Engineering Department has three research groups: technology and
engineering for undersea habitation and manned undersea projects;
equipment and tools for diving; and undersea physiclogy and medicine.

The main facilities of JAMSTEC are described below. According to
the construction plan, various kinds of facilities required for
research and development and also for persennel training are to be
constructed sc that JAMSTEC may perform its functions efficiently as
the integrated and advanced research and training organ for marine
development. TFurther, a tract of land with a sea area of 15,000
square meters is planned for reclamation and will be used for open-
alr experiments. At present, the following facilities are available
at JAMSTEC:

Diving training pool. A total floor space of 1,570 square meters.

Surface support vessel. A surface support vessel, from which the
entire experiment is controlled, is moored to the sea bottom, and
supplies are provided to other systems. Dimensions of the support
vegsel are: length, 40 m; width, 11 m; depth, 3 m; draft, 1.5 m;
displacement, 600 tons.

Deck decompression chamber (DDC). Dimensions of the deck decompres-
sion chamber are: length, 7 m; width, 2.5 m; height, 2.3 m; weight,
9.3 tomns.

Personnel transfer capsule (PTC). Dimensions of the personnel
transfer capsule are: diameter, 2.3 m; weight in the air, 8.4 ronsj
pressure-resistant hull, 1.8 m x 2.8 m.

Simulater for 500-meter depth. The undersea simulation system is
designed to create on land a high pressure environment of up to 50 ATA
corresponding to a sea environment of 500 meters in depth. This
system is used to study diving physiology, medicine, work and instru-
ments, and also to train divers.

Habitation at 30-meter depth. Although no seriocus danger was
anticipated in testing the habitation system's mechanical performance
in shallow water, extended periods at a depth of 10 m might present
difficulties. Before the beginning of this experiment, fatalities
were reported in the SEALAB IIT experiment conducted in the United
States and the HELGOLAND experiment in West Germany. In Japan a
preliminary simulated dive conducted in the DDC met with a small
accident. In order to avoid such danger, the habitation system and
its associated instruments were re-examined, remodeled, and improved.

Twelve divers were selected for habitation from protfessional
divers and trained in basic diving physiology and technology. A
simulation dive was carried out on board the support vessel, moored
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in the shippond of the Maritime Self Defense Force in Yokosuka. Four
divers stayed at 4 ATA for 46 hours; ambient gas was composed of

7.57% oxygen, 28.25% nitrogen, and 647 helium. Temperature in the

DDC was held at 28°C + 2°, and relative humidity at 70% + 10%.
Decompression to normal pressure required 29 hours, but took place
without any abnormal symptoms.

In selecting the site of actual habitation at sea, the following
cenditions were considered. To settle the habitat on the sea bottom
with stability and safety, a flat and level bottom with high ground-
proof pressure was requived. To ensure safe diving and operation in
the sea, high transparency and good visibility as well as lack of
strong current were desirable. As a site which met with the above
conditicns, a spot in Tago Bay on the western coast of Izu Peninsula
(a central part cof Japan facing the Pacitic Ocean in Shizuocka
prefecture) was selected.

Habitation at a G0-meter depth. Experimental habitation at a
30-meter depth yielded valuable knowledge and experiences related
to diving physiology and technology. Based on this experience, a
habitation at 60 meters was attempted.

The selection of divers who were expected to stay in the habitat
was made in April 1973. A simulated dive in the DDC was conducted
twice during the months of July and August on board the support
vessel, moored to a berth in Yokosuka Harber. 1In the first habitation,
a medical officer joined the group and made medical observations and
physiological studies in the DDC. Temperature in the chamber was
usually maintained around 2800, but was intentionally lowered to
26°C in order to study the effect of cold in a hyperbaric environ-
ment. The humidity was controlled at approximately 60%, and the
divers stayed for 168 hours at 7 ATA. Decompression to normal pressure
required 71 hours.

Because of cooperation in medical and physiolegical studies from
universities, including the University of Hawaii, and a food
manufacturing company, a great deal of knowledge and data wetre
obtained in these dives. The results of these diving experiments
were reported at the 8ixth Underwater Physiclogy Symposium held in
San Diego in July 1975 by Dr. Nakayama (1), and two comprehensive
reports were recently published in Undersea Biomedical Research (2,3).

The actual habitation in the sea occurred in late September in
Tago Bay where the habitation at a 30-meter depth had taken place
during the previous summer. Four divers stayed for three days in
the habitat and medical and physioclogical studies were carried out
while they were in the habitat and working in the sea. The temper-
ature in the habitat was maintained between 29 and 30 C and partial
pressure of oxygen and carbon dioxide were satisfactorily controlled.
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The observations on the physioclogy of divers In their habitat
were almost ceonsistent with those obtained in the simulated dive in
the DDC. In the sea divers felt the breathing gas was very cold
because of the high thermal conductivity of helium and resulting
heat loss. This suggests the need to supply warmed gas for the
experiment at greater depth.

After completion of the stay in the habitat, divers were decompressed
in the DDC on board the support vessel without any trouble, Sixty-six
hours were required to get from 6.3 ATA to 1 ATA.

The habitability of the support wvessel for those working on
board had been much improved, but further improvement in accommedations
was considered necessary for experiments of a longer duration.

Experiment at l00-meter depth. The ultimate goal of the SEATOPTA
Undersea Habitation Experiment is set at 100 meters in the sea; the
preparation for this experiment started in October 1974. The rcsults
and experience obtained in two previous experiments made it essential,
for the success and complete safety of future experiments, to re-examine
and overhaul the whole habitation system in Spring, 1975. The [first
simulated habitation experiment was conducted in June~July using a
simulator recently equipped by the Japan Marine Science and Technolegy
Center, Natsushima, Yokosuka. The second simulation dive was con-
ducted at the end of July in collaboration with the University of
Hawaii. This simulated habitation lasted 18 days, including pre-dive,
decompression, and post-dive periods. The experimental spot in the
sea is not under investigation and the experiment will be carried out
in late 1975; saturated divers will probably be kept in the DDC on
board the support vessel instead of in the habitat while they are
not working in the sea.

Future Plans

The highly successful SEATOPIA project will terminate this year,
and next year will mark the beginning of a new era for Japan Marine
Science and Technology Center. Using the newly completed facilities,
we plan to extend the depth capability eventually tce 300 m (approxi-
mately 1,000 feet) by 1979. In reaching this goal, we plan to ask for
as much cooperation as possible from our international partners.
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SESSION II: ENERGETICS OF EXERCISE IN WATER

A. IMMERSION EFFECTS ON PULMONARY, CIRCULATORY AND GASTROIRTESTINAL
SYSTEMS: C. E. G. LUNDGREN

As soon as a diver enters the water he is subjected to certain
stresses, some of which may be fully apparent even before he has
begun his dive. The functicns of the respiratory, circulatory, and
gastrointestinal systems are influenced by pressure differences
between the breathing gear and different parts of the diver's body.
Once submerged, the depth difference between the diver's breathing
apparatus and chest dces not change as he proceeds down. Therefore,
immersion effects remain independent of the absolute depth. The
main difference between a surface swimmer with the water level at
his mouth and a fully submerged diver with a breathing valve in his
mouth is that the diver can change posture so that the direction of
the depth differences acting on him may change.

Certain fundamental aspects of immersion can be studied in the
noen-immersed subject who is exposed to positive and negative pressure
breathing. However, because of the differences in external hydrostatic
pressure at different levels of a diver's body, the two situatiocns
are not strictly comparable. For instance, the transmural pressure
gradients of the extrathoracic airways will be considerably larger
during pressure breathing than during immersion for any given trans-
thoracic pressure difference (referred to the centroid in the case
of immersion). Negative pressure breathing (-20 to -22 cmHy0) appears
to have only a slight effect on central blood volume (29}, whereas
head-out immersion causes a marked intrathoracic bloed pooling (2).
This short review will be limited mainly to observations in immersed
subjects. Furthermore, it is immersion in the erect position that
has received most attention from various investigators, and usually
during actual diving with conventional gear the diver's thorax will
be exposed to pressures which are higher on the outside than
on the inside. Therefore, the model for most of this discussion will
be the erect subject exposed to head-out immersion or the erect diver
wearing a breathing valve at the mouth level.

The pressure centroid ¢f his chest is at a point approximately
7 ¢m postericr teo and 19 cm caudal to his sternal notch (26), The
outside pressure on the chest is higher than the inside pressure
by about 35 cmip0. However, the diaphragm is only exposed to part
of the pressure head exerted by the external water column. As demon-
strated by Agostoni, Gurtner, Torri and Rahn (1) during head-out
immersion, the increase in transdiaphragmatic pressure is only
about 14 cmH0 although the height of the external water column at
the level of the diaphragm during head-out immersion may amount to
about 25 cmHp0. This is so mainly because during immersion the
abdominal wall is stretched toward the abdominal cavity and recoils
outward with a pressure of about 13 cmHpQ. Nevertheless, it is
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upward movement of the diaphragm more than a compression of the rib
cage that determines the reduction in lung volume. For a detailed
analysis of the interplay between forces on these different structures
at head-out and intermediate levels of immersion, the reader is
referred to the authors just mentioned (1), and Craig and Dvorak (15).
These forces may cause a decrease in the functional residual capacity
(FRC) to about 50% to 60% of its normal value.

As can be inferred from Table 1IA-1, this decrease is mainly
achleved by a reduction in expiratory reserve volume (ERV), but
several authors have also found small reductions in residual volume (RV).
An increased intrathoracic blood volume is presumably responsible for
the RV reduction. As will be shown later in detail, a large amount
of blood is redistributed intec the thorax from the periphery during
immersion. This extra amount of bleood may occupy space at the
expense of lung air. Alternatively, airway closure may render part

Table IlA-1. Summary of observations of relative changes in vital capacity
(vC}, residual wolume (RY¥) and expiratory reserve volume (ERV) introduced
by head-cut immersian

Reference e, RV, ERV,
% change n Zchange o % chanpe p
Apogtoni et al., -2 2 -16.8 4 - 8
1) (from 35.8% to i0.8% of ¥()
Salidia et al. (5) -1.8 12
Krozek et al. (10) - 8.0 7
Carey et al. (12) -3.7 B + 5.8 i -47.9 R
{from 26.1% to 13.7% of V()
-5.5% 8 +20. 1% # -5t.a 8
(from 28.2% to l4.4% of V()
Craig and DwoTak -8.9 11 (from 373 to 10% of VO)**
(15
Craig and Warte (16) -4.0 21 - 4.0 21
Dahlbaeck and -7.7 0 -74.0 20
Lundgren {18) (from &40.2% to 11.3% of WC)
Dahlbzeck {17} 4.3 b Wo chanpe B
Flvnn et al. {(20) -2.8 3 - 7.0 3 -533.0
(from 39.4% ta 19.0% of VC)
Hamilton and -B.4 20
Mayo (22)
Hong et al. (23] -3.3 7
Hong et al. [24)%%% —-8.0 4 -7z
{tram 3I5.4% to 1.3 of VO)
Jarrert (25) -4.73 5
Jarrett {26) - 3.0 i
Data are ¥ of coarrols during non=immersicon.  Depth of immersion

varied betwsen syprasternal noteh and mouth {zipples in (22)3); body
posture was ~ither gitbing or standing; comparisons are either
between pgroup means or individual paired comparisons. *kAfrer apneic
dive training. ##Deduced fram graph. xxk{nmpared to concrol walue
while immersed to Lhe xiphaid process.
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of the RV inaccessible for measurement with gas dilutien techniques
unless a very large tidal volume is employed. It is noteworthy that
in so doing Dahlbaeck found no systematic change in RV during
immersion (17). Blood redistribution into the thorax may also be
partly responsible for the well-known reducticn in vital capacity {(VC)
of about 3-10% which is induced by head-out immersion (Table TTA-1).
Based on effects of Valsalva maneuvers counteracting intrathoracic
blood pooling, Heng, Cerretelli, Cruz and Rahn (24) estimated that
607 of the VC reduction was due to intrathoracic blood pooling, the
remaining 40% being caused by mechanical influences on the chest.
Using diastolic pressure cuffs around arms and legs to prevent
intrathoraciec blood pooling, Hamilton and Mayo (22) obtained results
from which it can be calculated that about 607 of the VG reduction
during immersion is caused by blood pooling. Dahlbaeck (17), on

the other hand, found that the entire reduction in VC (4.3%) during
head~out immersion ccould be avoided if blood redistribution into

the thorax was prevented by a special technique (Fig. ITA-1),
exempting the legs and gluteal region from immersion.
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Fig. IIA-1. Experimental arrangement for separating effects
of intrathoracic blood pooling from mechanical effects on
lungs during immersion. In A, thorax immersion allows blood
pooling in legs; in B, blood from legs is redistributed into

thorax during head-out immersion (17).
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Another effect of intrapulmonary bleod pooling is an increase in
lung compliance (9,24,38). In the study by Bondurant, Hickam and
Isley (9), lung compliance changed from 0.168 liter/cmH20 during non-
immersion to 0.116 liter/emH20 during head-out immersion.

The reduction in FRC and the intrathoracic bleod pooling interfere
with normal lung ventilation. Thus, a proporticn of the lung which
constitutes 2.0% of the wvital capacity may not be ventilated during
immersion as demonstrated by Dahlbaeck and Lundgren {18). In
accordance with this, Bondi and Bennett (8) have recorded an increased
closing volume of the lungs during head-out immersion. More recently
Dahlbaeck (17), using the thorax immersion technigque, has shown that
intrathoraciec blood peoling is responsible for 75% of the gas trapping.
Furthermore, the parts of the lungs which are ventilated show a more
uneven ventilation (31), and it appears that this unevenness of
ventilation is combined with a mismatch of perfusion. Cohen, Bell,
Saltzman and Kylstra (13) observed an increased AaDQ) during immersion.
This poorer ventilation-perfusion adaptation appears to be confined to
a limited, presumably basal region of the lungs, because it was not
evident in regional lung function studies by Arberelius, Balldin, Lilja
and Lundgren (3), who compared large apical and basal parts of the
lungs using 133%e spirometry. They found that in head-out immersion
there was a more even alveolar ventilation to perfusion ratio (ﬁ/Q) than
in the non-immersed state. Thus 0/Q for the apical regions changed
from 1.56 to 1.17, and from 0.78 to 1.24 for the basal regions. This
overall effect on the lungs may be expected because when the FRC is
reduced largely by an upward displacement of the diaphragm more basal
alveoli are likely to approach the lower, [latter part of the pressure
volume curve. Thus, they would tend to become less ventilated. Venti-
laticn in apical alveoli would improve because they would move to the
steeper part of the pressure volume curve. The mere evenly distributed
ventilation was matched by an improved apical perfusion which pre-
sumably resulted from the increased intrapulmonary bleod wvolume during
immersion and the increased perfusion pressure (2).

It has been hypothesized that closed-off parts of the lungs may
become over-—-expanded and suffer rupture when a diver makes a free
ascent, especially if he further reduces lung volume by exhaling
excessively (18). The volume of trapped gas in the lungs held at
maximal expiratory position during immersion may amount to more than
5% of the VC (18).

Even with normal breathing the trapping of pulmonary gas in
immersed subjects may become a problem. Oxygen breathing for two
hours during head-out immersion caused a mean reduction in VC of
22.4% in 13 subjects (5). Atelectasis formation apparently caused this
VC reduction, since deep inspirations, although initially inducing
cough and chest pain, finally restored VC.

The maximal voluntary ventilation (MVV) is reduced by about 15%
in head-cut immersion (20,34). This MVV reduction may be the result
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both of the transthoracic pressure of water opposing inspiratory
effort and of increased flow resistance because of reduced airway
diameter if the FRC is reduced. However, cobscrvations of FRC
during MVV maneuvers and simultaneous immersion seem to be lacking.
There is indircet evidence that the inertia of the water does not
significantly limit the ventilatory capacity during immersion (20).

As for airway resistance during quiet breathing, Agostoni et al. (1)
found that it increased by 58% during head-out immersion, The reduc-
tion was attributed to the decrease in lung volume. Hong et al. (24)
measured respiratory work during immersion at rest. Comparing immersion
to the neck with immersion to the xiphoid process while empleoying a
stable VT of 1.0 liter, they found that the total work of breathing
increased by approximately 4000 g/em (60%). Of this increase 75% was
attributed to elastic work and the rest to dynamic work., This marked
increase in dynamic work of breathing during immersion to the neck was
attributed to an increase in flow resistance of the airways functioning
at a lung volume where the ERV was reduced to 450 ml (from 1600 ml).

The possibility that some of the airway resistance is caused by swelling
of blood vessels in the walls of small air ducts remains to be investi-
gated. In addition to the elastic and dynamic work of breathing during
immersion, static work may be performed in maintaining the FRC at a
level different from that obtained at relaxation. Thus, Jarrett (26)
and Hong, Ting and Rahn (23) have evidence that there is a tendency
during head-out immersion toward increased inspiratory muscular tonus.
Similarly, we have recently seen signs of varying, sustained expiratoery
muscle tonus during immersion in the head-down position {(unpublished
observations). Such static work adds to the respiratory work {(which

ig further increased because of high gas density in deep diving), and
may increase the risk of exhausting the diver.

The respiratory frequency, tidal volume and pulmonary minute
ventilation remain largely unchanged during immersion at rest (19,20,
24,36), as does end-tidal PCO2 (20). Provided comparable work loads
are applied both during non—immersion and immersien, this also appears
true during exercise (14,20,33). Varying the intrapulmonary pressure
to the point of discomfort on both the positive (+20 cmH90)} and negative
(~10 cmH20) side during immersion did not influence minute ventilation (36).
The pressure centroid of the chest was determined at 7 cm behind and
19 cm below the sternal notch by Jarrett (26). [n contrast, divers
allowed to select the most comfortable intrapulmonary pressure preferred
it to correspond to the pressure at the suprasternal notch in the prone
and head-down position. TIn the erect position a level of 5-10 cm
below the external auditory meatus was preferred during rest but when
there was hyperpnea from any cause the level was 5 cm deeper (36). 1t
is possible that this deviation from what appears to be the physiclogi-
cally best pressure was to some extent caused by disturbances of
respiratery muscle tone initiated by the requirement to hold on to a
mouthpiece (26) and/or pressure sensations from the extrathoracic air-
ways (28}.
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Repeated reference has been made to the possibility that immersion
may cause intrathoracic blood pooling. In head-out immersion the
amount of blood redistributed from the periphery amounted to
0.7 liter, as determined by Arborelius, Balldin, Lilja and Lundgren (2)
who used the dye dilution technique for multiple measurements in two
subjects. Part of this blood would be in pulmonary vessels, part
in large extrapulmonary veins and part is accommodated by the heart
(Fig. ITA-2}. Thus, Guyatt et al. (21) found a distinct increase in
the pulmonary capillary blood volume during head-out immersion and a

Fig. TTA-2., Schematic illustration of effect of immersion with
head above water on distribution of blood between dependent
regions of body and thorax. Springs indicate elasticity of
lung tissue. Dotted areas: incompressible but resilient tis-
sues. Hatched areas: blood. Left manometer (black fluid
column) indicates pleural pressure; right manometer (hatched
fluid column) indicates right atrial pressure. Difference
between right atrial and pleural pressure reflects atrial
transmural pressure gradient. A = erect body position in
non-immersed situation, blood pooled in vascular bed below
the heart. Atrial pressure is almost zero; pleural pressure
is negative. Right atrial transmural pressure gradient is
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small. B = erect body position during immersion with head
above water; redistribution of blood towards heart and intra-
thoraciec vascular bed distends these structures. Atrial
pressure is raised; pleural pressure 1s almost zero. Right
atrial transmural pressure gradient is increased. (Modi-
fied from Gauer (2))

consequent Iincrease in pulmonary diffusing capacity by 16.7%. Launge,
Lange, Echt and Gaucr (30), using roentgenometry in 10 subjects,
demonstrated an increase in heart size during immersion in the standing
pesition of 180 ml (50%). 1In the earlier mentioned study by

Arborelius et al. (2), the functional consequences of such a distension
of the heart were measured in 10 subjects. Transition from a ther-
monecutral non-immersed situation (sitting in air ar 28°C) to head-out
immersion in thermoneutral water (35°C) caused a 35% increase in stroke
volume. This increase was due mainly to a cardiac output increase of
32%, the heart rate remaining essentially unchanged. The transmural
pressure increase in the right atrium was 13 mmHg on the average. The
30% decrease in peripheral resistance which was evident in these experi-
ments may have been caused by changes in the autonomic control of the
circulation due to activation of variocus receptors within the circula-
tory low pressure system (35). Part of the fall in resistance may also
have been due to an abolition of myogenic precapillary sphincter tone

as the external water celumn balanced the intravascular pressure.
Earlier work made use of few subjects and less accurate indirect methods
to determine cardiac output. Under neutral thermal conditions an
enhancement of cardiac output by immersion was usually reported, ranging
from a mean of 6% to 22% (2). The 12% reduction in resting cardiac
output which was recorded by Rennie, di Prampero and Cerretelli (37) in
water below 34°C was due to a reduction in heart rate and was considered
a response to cold stress. During exercise the cardiac output values
were the same in water as in air, presumably because of increased heat
production which eliminated the cold stress. During moderate exercise
stroke volume was high and heart rate low relative to air values, but
stroke volume approached air values with more strenuous exercise.
Balldin, Lundgren, Lundvall and Mellander (7) have demonstrated that

the experimental conditions of Arborelius et al. (2) are conducive to

a greatly increased peripheral circulation. They learned that head-out
immersion induced a 130% increase in the rate of elimination of !33Xe
from a muscle. Tissue nitrogen elimination during oxygen breathing

was increased 40% during the first 30 minutes of immersion in 35°C

water and was 29% higher than during non-immersion over a 7-hour period (86).
This enhancement of nitrogen elimination, further strengthened by
increasing water temperature to 37°C, was used by Balldin to attain a
considerable protective effect against experimental altitude decompres-
sion sickress in man {(4). This method ought to be used to prevent and
treat decompression sickness in divers. However, the same principle
acting during the uptake of imert gas would promote tissue gas saturation.

Because of the considerable wvertical length of the gastrointestinal
system, it may be exposed to considerable pressure inequalities during
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immersion. The magnitude of these pressure differences is closely

tied to respiratory mechanics, and thus to breathing pattern (1) and
immersion effects on the respiratory system. Johnson, Lin and Hong (27),
in a study of five subjects, demonstrated an increase from 4.6 mmHg in
gastric pressure (non-immersed) to nearly 20 mmHg during head-out
immersion. Esophageal pressure rose from —6.0 mmHg to -0.8 mmHg. Thus,
there was a gastric to esophageal pressure gradient which amounted to
about 20 mmHg in immersion versus 10-11 mmHg in the non-immersed subject.
Although the distal esophageal sphincter pressure always remained 11-15
mmHg higher than gastric pressure in their healthy subjects, the authors
concluded that immersion may entail the risk of gastric reflux in indivi-
duals with insufficient competence of the distal esophageal sphincrer.

The possibility that immersion may facilitate esophageal transport
toward the stomach and thus cause problems in diving has recently
attracted our interest. Of 2,053 spert divers responding tc a question-—
naire, 111 (5.4%) indicated that they had suffered significant gastro-
intestinal distension and discomfort after ascent because of aerophagia
during the dive (32). One of the factors which may have contributed
to the aerophagia in these divers was their steep head-first descents.
Such descents may create a large gas pressure gradient between the
oral cavity and the stomach. The theory that the attitude of the
diver in the water may influence the degree of aerophagia was tested
in simulated wet dives in a pressure chamber in which the subjects
descended either head first or feet first to a depth of 30 m (11).
Swallowing was used to obtain middle ear pressure equilibration. Gastric
gas content was determined by underwater weighing. Feet-Tirst descent
caused a mean weight reducticn (n = 10) equivalent to the ingestion of
0.11 licer of air (at 1 ATA) whereas head-first dives introduced more
than twice as much air (0.29 liter) intc the gastrointestinal tract.

One subject who dove head first and made seven excursions between 25
and 30 m surfaced with considerable abdominal discomfort after ingesting
an air volume of more than 1.3 liter.

To gain information on the conditions which promote gas transport
into and through the gastrointestinal system during diving we are now
studying the esophageal pressure profile during head-down and fcet-down
immersion. A representative example of the results of these experi-
ments is shown in Fig. ITIA-3. The pressure during head-up immersion
is largely on the positive side relative to mouth pressure and increases
toward the stomach, which corresponds to the results of Johnson et al. (27).
By contrast, in the head-down position pressure is clearly on the nega-
tive side, particularly in the distal part of the esophagus. The
esophagus is thus likely to receive larger amounts of air and convey
them to the stomach whenever the tonus of the distal sphincter is
lowered by swallowing.
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Esophageal pressure® profiles
during non-immersion, erect immersion,
and head-down immersion
(*end expiratory}
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Fig. [IA-3. Esophageal pressure relative to pressure in oral
(with 3 cm-balloon) in esophagus {abscissa) from one subject.
Measurements were obtained by stepwise retraction of the
catheter from stomach under 3 conditions, i.e., ilmmersion in
erect body position (upper curve}, non-immersed standing
position (middle curve), and head-down immersion. Schematic
figure of esophagus with lower esophageal sphincter (LES) and
cricopharygeus is shown for orientation.

Summary

This review deals with certain immersion effects on the respiratory,
circulatory and gastrointestinal systems, mainly seen during immersion
in the erect posture. Head-out immersion or erect submersion with
the breathing valve at the mouth level causes lung compression with
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increased elastic, dynamic and static respiratory werk. Air trapping
occurs in closed—off lung regions but overall ventilation-perfusion
adaptation improves. Ventilatory minute vclume and end-tidal CO2
tension are not greatly influenced by immersion. Apart from direct
compression effects, lung function is influenced by considerable
intrathoracic blood pooling. This blood poeling increases wvenous
filling of the heart, thereby inducing a 30% increase in cardiac out-
put due toc an increase in stroke volume. Peripheral circulation
increases and greatly enhances inert gas transpeort. Increased stomach
to esophageal pressure differences in the erect position may cntail
the risk of gastric reflux. In the head-dewn position high aoral gas
pressure relative to the esophagus and stomach may induce aerophagia,
causing serious gastrointestinal distension in a diver as he surfaces.
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B. ENERGETICS OF SCUBA DIVING AND UNDERSEA WORK: JEFFREY DWYER

For years SCUBA divers, as performers of undersea work, were
studied almost exclusively in terms of perceptual and motor skills,
problem-solving capabilities, weork methodology and ergometry, and
team coordination (2,3,4,5,37). Physiclogical studies of diver
performances were by no means unavailable, but most ware limited
to simple measurements of heart rate, breathing rate, or air
consumption (18,36,38) coupled with descriptions of underwater
tasks, task completion times, and error rates. A few early studies
of oxygen consumption were alsoc available but these were limited
by the use of 1007 oxygen systems to very shallow depths and light
work loads (9,13). However, recent developments in underwater data
acquisition systems (28) and respiratory gas sampling methods (11,
12) for air-breathing SCUBA divers have provided scientists with
measurements of oxygen consumption and energy expenditure at depths
to 190 fsw in the ocean (19}. These measurements accurately describe
the energetics of SCUBA diving and permit more precise and meaningful
interpretations of underwater work than any other physiological
parameter, Recent studies of the energetics of air-breathing
divers working in the open sea, coupled with some early studies of
V0 in divers breathing 100% oxygen in open water and in special
water tanks, now provide sufficient data to describe the working
SCUBA diver as a source of power and a performer of physical work.

The rate of oxygen consumption has long heen recopnized as the
best indication of the diver's encrgy expenditure during work or
exercise. It is an accurate index of cardivpulmonary stress and
an excellent basis for comparison with other physiolopgical parameters
and studies. In diving physiology research few studies of oxygen
consumption are available duc to the formidable technical problems
of measurement during ocean dives. Yet it is truc that QOZ measure-
ments are vital to any rational organization of underwater work {16),
assessment of the energy requirements of underwater tasks (10,13, 34,
36), studies of the effects of the underwater environment on
mechanical efficiency (13,14,34,35), and recognition of the physieo-
logical limits of undersea workers (9,19).

The early studies of V0y during swimming with SCUBA and other
forms of underwater work used 100% oxygen rebreathing systems,
Oxygen uptake measurements were obtained by the tank pressure dif-
ferential method but severe limitations were placed on depth and
work load by the toxic nature of oxygen under pressure. Modern
studies of VO, in air-breathing SCUBA divers have used tank pres-
sure differentials to determine the pulmonary ventilation and various
pas collection techniques to obtain samples of mixed exhaled air
for FEQy and FECO2 analysis. These sampling systems range in
sophistication from simple rubberized bags to trap-exhaled gas
bubbles (16,34,35), and from vacuumized SCUBA tanks for single
sample cellection (12,30), to the system devised by Dwyer (11), which
is capable cof collecting ten gas samples at several different depths
during a single dive.
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Basic Studies of Oxygen Consumption

In the mid 1950's Donald and Davidson (9) published reports of
oxygen consumption experiments with working divers in a 12-ft tank,
and in open water, which continue to be among the most complete
studies of their kind. The subjects were Royal Navy divers equipped
with diving suits, oxygen rebreathing apparatus, and weighted boots
or swim fins. Experiments at minimum and maximum speed walking
around the tank and over a muddy bottom in an estuary revealed VO
rates which were surprisingly low. For maximum speed VO was 1.53
and 1.96 liter/min in the two respective environments. These values
are in close agreement with data reported by Kurenkov (19) for
divers walking at 15 m/min at a depth of 60 meters with helmet and
diving suit. It is of interest to note that maximal walking efforts
caused exhaustion in fifteen minutes yet the VOy suggests that
moderate work was performed. The VO for minimal speed in either
area was between 0.6 and 1.0 liter/min, indicating that the range
of oxygen requirements between minimal and maximal efforts in these
experiments was quite narrow. The data also suggest that divers are
incapable of utilizing their normal maximal oxygen uptake (VOpp,y)
underwater. A lack of traction on the bottom and the aqueous
environment apparently prevent the muscles from reaching the maximal
rate and force of contraction (22,34). Reports by Donald and
Davidson on oxygen uptake during underwater swimming are included
in other sections.

Underwater arm work was also performed at 139 kpm/min, requiring
V03 of 1.15 liter/min. After 10 minutes the subjects reported
"severe local fatigue in the arms and shoulders.'" 1In contrast, a
self-paced underwater search mission, invelving primarily the legs,
required 1.47 liter/min. As in surface work, the amount of muscle
mass involved, i.e., whether work is performed with the arms or
legs, is an important consideration in assessing the underwater
work stress from the cxygen consumption (1).

Only cne study is available which measures VOp during common,
variable underwater labor. Culyar and his associates (16) moni-
tored several physiological parameters in air-breathing SCUBA divers
at a depth of 20 fsw while they operated an undersea drilling
facility. Oxygen consumption during "relative calm," i.e., at rest,
was unusually high, averaging 1.41 liter/min. While clearing the
drilling area with crowbar, air hammer, connecting hoses, pipes and
positioning equipment, the VO3 increased to 1.66 }iter/min. The
divers had some difficulty maintaining positional stability during
the calm pericd and this may have caused the high VOp. During the
work period the handling of lines and tools apparently added to
their positional stability so the divers could redirect the oxygen
uptake to useful work. This would account for the small difference
in oxygen uptake between the two periods and is in accordance with
the findings of Streimer and his associates (34,35) for self-paced
work.
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Weltman and Egstrom (36} have recognized the bio-instrumentation
problems of measuring underwater energy expenditure by 002, and the
apparent necessity of using easlly measured parameters, such as
heart rate (HR), for field evaluations of underwater work stress.
Howevetr, their attempt to characterirze the physiological load of
various tasks by the heart rate response was not successful
because oxygen-consumption/heart-rate curves were not used to cali-
brate heart-rate/work-stress analysis. Other investigators (10, 20,
25) found that regression lines for VOp-HR data varied significantly
with water temperature and pressure. Thus, the use of heart rate to
assess underwater work may result in large errors which lead to
underestimations of the energy cost and actual work stress.

Several investigators have measured oxygen consumption during
fin-swimming, i.e., using a leg kick for propulsion with the aid of
foot fins but without the use of the arms. A summary of some of the
available data collected in peols and special water tanks is presented
in Fig. TIB-1. Schaefer {32} found very consistent values [or V02
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Fig. ITB-1. Oxygen cost of underwater fin-swim-
ming. e = Specht et al. (33): 3 fsw, 100Z 0O2;
o = Goff et al. (14): 3 fsw, 100% 09; e =
Schaefer (32): 100% 0 at 40 fsw; x = Foley et
al. (12): 3 fsw, air, no protective suit; z =
Kurenkov (19): 60 meters, air (open—-sea swims);
Donald and Davidson (9}: 3 fsw, 100% 09; s =
with protective suit; f = without protective
suit.
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as his divers swam at 26 m/min around the perimeter of a large,
wetpot. As the depth increased from 20 to 30 and 40 fsw, the VO3
also increased in 60- to 100-ml increments, presumably due te the
increased oxygen cost of breathing a gas of progressively greater
density. Goff et al. (14) and Specht et al. (33) found similar

VOy for swims at 18-21 m/min in a moving water tank (the David
Taylor Model Basin). At any speed, however, Goff's divers consumed
less oxygen than those in Specht's group. The difference was
roughly 300- to 400 ml/min at speeds heyond 25 m/min. Specht et al.
and Lanphier (21) reported the oxygen uptake at 24.6 m/min to be
1.40 and 1.30 liter/min, respectively. 1In contrast, Foley, Billings,
and Huie (12) found V02 at 40 m/min which were about the same as
that reported by Specht's group at 30.7 m/min. This discrepancy,
and other differences in oxygen uptake reported by several investi-
pators, may be due to different drag configuraticns among subjects.

This idea is supported by the findings of Goff et al. (14), who
discovered differences in drag and VO, as great as 0.5 liter/min
between twe groups of divers swimming at the same speeds but wearing
wet—- or dry-type diving suits. Furthermore, Goff et al., Specht
et al. and Dwyer {(10) have stressed the critical importance of the
cortect, near-horizontal body position in determining the oxygen
cost of a swim, Divers swimming with a feet-up or feet-down attitude
may require as much as 1.0 liter/min of 02 more than divers swimming
with the correct body attitude. Individual differences in mechani-
cal efficiency and swim fin configuration may also be responsible
for the lack of agreement among investigators on the oxygen cost
of underwater swimming.

Open-Sea Studies of Oxygen Consumption During Fin-Swimming

The oxygen cost of fin-swimming in open water has only been
measured by three research groups over a period of 17 years. In
1956 Goff, Frasetto, and Specht (13) studied Navy divers swimming
in tropical and subtropical waters with oxygen rebreathing equip-
ment. Two hundred open-water swims were made over distances ranging
from 500-2,000 yards (461-1846 meters). The divers swam at a self-
paced rate, but regardless of distance the average speeds varied
between 20 and 24 m/min. 1In water temperatures of 25°C, without
protective suits, the ﬁOz at 16.5, 25.0, and 32.0 m/min were 1.25,
1.40, and 2.20 liter/min, respectively. The measurement at 25.0 m/min
agrees closely with data reported for fin-swimming in special water
tanks (32,33). However, at faster speeds the V05 was higher in the
Oocedn.

After a period of 16 years, during which no studies of oxygen
consumption in open water took place, Russell, McNeill, and Evonuk (30)
published a comprehensive study of the physiology of divers swimming
at three depths with modern wet suits and compressed-air SCUBA.

Swims were performed at 30 m/min at 1, 2, and 3 ATA in a fresh water
lake. The V07 at these depths were 1.65, 1.80, and 1.93 liter/min,
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respectively. ©Since water temperature was the same at each depth
(5.5°C), the progressive increase in VOz appears to be the result

of the increased work of breathing. However, because the wet suit
provides less cold protection with increasing depth due to suit
voelume compression, a large portion of the excess oxygen consumption
was perhaps the result of greater cold stress at 2 and 3 ATA. The
602 are in fair agreement with the data of Goff et al. (14) and
Specht et al. (33).

Foley's divers (12), who swam in a warm pool with nearly identi-
cal equipment except that they wore no wet suit, swam 10 m/min
faster than the other divers, but still had VO of 1.8 liter/min.
The difference in swim speed for a particular oxygen uptake rate
highlights the effect of the diving suit, i.e., drag configuration
and, perhaps, cecld stress on work efficiency. 1In a study by
Kurenkov (19), divers swam at a depth of 60 meters (7 ATA) in the
ocean. Their equipment and hreathing apparatus were not described
but it may be assumed that the divers wore wet suits and scome form
of compressed-air SCUBA. Kurenknov did not describe his research
apparatus, but VO3 in excess of 5.0 liter/min at swim speeds of
160 m/min were reported. At 60 m/min oxygen consumption was
2.2 liter/min.

No device presently available measures the physical work output
of freely swimming divers, but Dwyer {(l0} has used a unique under-
water ergometer to control the work output ¢f divers swimming in
the ocean at depths to 100 fsw. In this comprehensive study 12
physiclogical parameters were measured under 12 work-depth conditions.
The ergometer has been described by Pilmanis, Henriksen, and Dwyer (29).
It is a drag board which the diver holds in front of his body as
he swims with fins, using a leg kick. A drag indicator located on
the ergometer indicates to the diver the added resistance he is
working against. This resistance is in addition to the unknown
amount of work required to move his body and life-support equipment
through the water. At any level of resistance the swim speed was
found to be constant. Therefore, work loads were reproducible,
work performed in moving the ergometer through the water could be
calculated, there was no need for external pacing to maintain a
constant swim speed, and the diver actually moved through the water
as he would if he were transporting a tool or other resistive
object to an underwater work site. Data acquisiticn was made
possible by a unique underwater recording system (28) and an under-
water gas sampler designed by Dwyer (11). Physiological measure-
ments were made during rest and with three work loads at 33, 66,
and 99 fsw (Table IIB-1).

Resting oxygen consumption at 33 fsw was 385 cc/min, 38 cc/min
greater than measurements made with the subjects at rest cn land
prior to a bicycle ergometer work test. At 66 and 99 fsw, the
V02 was essentially the same {(see Table TIB-1), representing an
increase of 45 cc/min over the shallow depth. These rates are
higher than those of Donald and Davidson (9), who found VO, of
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Table IIB-1. Experimental results during underwater ocean swim-
ming at 33, 66, and 99 fsw, against resistances of 1.5, 2.0,
and 2.4 kg and during rest

Depth, fsw 33 66 99
V05, liter/min Rest 0.385 0.431 0.429
1.5 kg 1.760 2.370 1.982
2.0 kg 2.538 2.867 2.715
2.4 kg 3.279 3.325 3.465
Energy Cost, Rest 0.986 1.118 1.103
keal/min/m? 1.5 kg 4.537 6.209 5.112
2.0 kg 6.535 7.419 7.024
2.4 kg 8.471 8.587 8.946
Heart Rate, Rest 74.0 68.0 75.0
beats/min 1.5 kg 134.0 143.0 138.0
2.0 kg 159.0 155.0 151.0
2.4 kg 172.0 164.0 163.0
VA, liter/min 1.5 kg 29.58 £1.17 34.92
2.0 kg 44,81 54.79 50.04
2.4 kg 65.40 57.44 58.12
PAng, mmig 1.5 kg 47.19 46.02 48.65
2.0 kg 43,07 41.89 42.56
2.4 kg 42.71 50.75 50.94

Data from Dwyer (10)

250 cc/min for fully equipped divers at 12 fsw. However, Russell

et al. (30) reported oxygen uptake of 512 and 755 cc/min in air-
breathing SCUBA divers at 1 and 3 ATA, respectively. The water
temperature in this case was a constant 5.5°C, yet the reductions

in the thermal protective capacity of wet sults with increasing
depth probably resulted in an added cold stress at the deep depth.
Shivering was observed at each depth but it was more severe at

3 ATA. 1In Dwyer's experiments the temperature was 11°C at 99 fsw
but no shivering was found. The highest resting VOy, 1.41 liter/min,
was reported by Gulyar et al. (16) for fully equipped, air-breathing
divers at 20 fsw in open water. Difficulties in maintaining posi-
tional stability significantly elevated the VOp, but Gulyar and his
associates also believe that a "conditional-reflex reconstruction”
of the impending tasks also contributed to the unusually high oxygen
uptake for underwater rest. This psychologically induced pre-work
intensification of physioclogical functions may be related to the
extent of the subject's diving experience or familiarity with the
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task (15,38). 1In Dwyer's study rest was followed at each depth by
work which required 1.7 to 2.3 liter/min of 0. Individual heart rate
data suggested that in some cases consideration of the impending work
may have been a factor in preventing complete relaxzation.

Mean oxygen consumption for the heaviest work load (2.4 kg at
24.5 m/min) showed a progressive increase with depth, which conforms
to the usual relationship between the parameters reported by Russell
et al. (30) and several investigators who worked with hyperbaric
chambers (6,19,20,31). The differences in VOy at different depths
are sufficiently small to be attributed to the effects of increased
gas density and possibly lower water temperatures. However, at the
other two work loads, 1.5 and 2.0 kg, the mean oxygen uptake was
highest at 66 fsw, but always higher at 99 fsw than at 33 fsw. This
unusual pattern and the large VO» differences between depths at these
resistances suggests that some factor or factors altered the total
work load or efficiency of the divers at 66 fsw. Dwyer pointed out
that some of the divers had operaticnal difficulties at that depth,.
In some cases over-inflation of the buoyancy compensator occurred
and two subjects swam with feet above the depth plane. Others felt
that they properly inflated the compensator but swam with a feet
down attitude similar to that reported by Goff et al. (14). The
effect of these errors in swim position was sufficient to cause the
VO, pattern described above, although some of the divers did swim
in the correct position. One diver whe swam with a feet down atti-
tude had a V0, at 66 fsw which was 1.03 liter/min greater than his
rate at 33 fsw and 0.755 liter/min greater than his V0y at 99 fsw.
Goff and his associates found equally large differences in oxygen
uptake between correctly performed swims and swims in which a feet
up attitude was observed. The implication is that the oxygen cost
of any particular swim and the usual depth-V09 relationship may be
significantly changed by variations in mechanical efficiency related
to swim attitude or differences in drag configuration. These changes
are most likely to occur when divers transport equipment or other
materials around underwater work sites, or when they change depth
without precise compensations for shifts in buoyancy caused by wet-
suit compression.

Based on a regression line for oxygen uptake and land work cutput,
Dwyer estimated his underwater work lcads to be equivalent to 900,
1250, and 1600 kpm/min performed on land. Subjective evaluations by
the divers were in agreement with these estimates., Of course the
actual physical work output was much less than these figures because
of the inefficlent nature of fin-swimming. Several studies of under-
water work suggest that divers seldom exceed 602 of 2.5 liter/min
and therefore rarely approach a work stress equivalent to 1100 kpm/min
performed on land. Further, since self-paced underwater arm work and
fin-swimming require no more than 1.7 liter/min of 02, and often as
little as 1.0 liter/min (13,34,35), typical SCUBA dives involve a
moderate work stress.
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Maximal Oxygen Consumption Underwater

The maximal oxygen consumption (ﬂozmax) of swimming SCUBA divers
has received the attention of very few investigators (23,26). Part
of the difficulty of studying the VOop,x underwater lies in the
selection of criteria for the maximal aerobic power. Diving
researchers do not administer two different work loads, as suggested
by Astrand and Rodahl (1), to determine that no increase in oxygen
uptake occurs despite an increase in work output, nor is the blood
lactate measured for levels in excess of 70-30 mg/100 ml blood.
Instead, the underwater test for VOo... has become a single swim in
which the subject swims as fast as possible until he feels exhausted.
Methodological improvements in this test seem warranted since the
V09pax May be reached at work loads which are not maximal and the
diver need not make a maximum effort. Other improvements in under-
water ergometry, physiological data acquisition systems, and the
utilization of highly trained and motivated divers may yield more
reliable measurements of the underwater VO,,.. than those presently
available. Further, agreement among hyperbaric physiologists on a
standard underwater VOj..y test is needed, from both methodoloegical
and physiclogical points of view.

Stationary underwater fin-swimming, where the divers are restrained
by a cable attached to weights outside a water tank, resulted in a
VOspax Which was 74% of the value found for land work on a bicycle
ergometer (23). In this study air was breathed from a modified
two-hose regulator at 3 fsw. Morrison (27) attempted VOjpsy tests
with mixed-gas apparatus (N»-07) while his divers swam against a
trapeze, restrained by weights, at their maximal sustainable effort
for 10 minutes in a wet pot. In each series of experiments the
VOpmax was much less than expected in view of earlier reports of
the oxygen required in fast underwater swimming by Donald and
Davidson (9). At 6 fsw the VOjpax ranged from a low of 2.1 liter/min
to a high value of 3.4 liter/min for six divers, while at 78 fsw
three divers consumed 2.0, 2.3, and 2.8 liter/min. When the trials
were performed at 176 fsw only four of six divers were able to
complete the swims and VOopayx ranged from 1.7 to 3.2 liter/min.
Four divers reported difficulties such as headaches and feelings
of being out of breath, which implied that carbon dioxide retention
was a possible cause of early termination in some of the swims.
Other investigators (9,10,12,19) have reported V02 which approximates
the maximal aerobic power but only two such studies were performed
in the ocean. In swims with fins at speeds described as fast (31-
42 m/min) in shallow tanks, the VOj ranged from 2.63-4.15 liter/min,
with a mean of 3.16 liter/min (9). When diving suits were worn scme
divers showed an increase rather than no change in ﬁOZ, but the
mean fell to 3.09 liter/min., In a similar study by Foley et al. (12)
one diver consumed 2.94 and 2.45 liter/min of 0y during two separate
swims at fast speed. The highest value for VO during underwater
fin-switming was reported by Kurenkov (19) at a depth of 60 meters
in the open sea. At speeds greater than 100 m/min, three divers
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exceeded 5.0 liter/min of 0y. Air was used as the breathing gas,

but Kurenkov did not describe the breathing apparatus or his data
acquisition methods. Dwyer (10) reported V05 between 3.3 and

3.89 liter/min for work performed on a mobile ergometer at 99 fsw

in the ocean. Subjective impressions of the divers suggested that
they worked very close to their maximal aerobic power but comparable
land vozmax data was available for only one subject. That diver

was working at 91% of his V02max while fin-swimming, but he developed
acute awareness ol respiratory impairment, a severe headache, and

a PACOZ close to 60 mmHg,

Within the range of air-supported SCUBA dives, the gas density
may increase several times and lead to alveolar hypoventilation and
carbon dioxide retention (10,17). An interesting question congerns
the depth at which restricted pulmonary function, rather than ROgmdx,
will become the work-limiting factor. Experiments in a hyperbaric
chamber at 7.8 ATA indicate that when gas density reduces the MVV
below the VE required for normal elimination of carbon dioxide, CO3
retention may become excessive and force the diver to terminate his
work even at moderate V02 (24). Differences in breathing resistance
between valves used in hyperbaric-chamber exercise experiments and
standard underwater breathing apparatus (17) and differences in MVV
in dry and wet hyperbaric envircnments (26) suggest that at depths
in excess of 100 fsw in the sea, air-breathing SCUBA divers may
encounter intolerable PCO; as their metabolism increases before they
are able to reach 100% of their V02max It fellows that two factors
of primary importance in the maximal performance of underwater work
are: 1) the PCOp which a diver is willing, or physiclogically atble,
to tolerate; and 2} the percentage of his VOpax that can be utilized
before he reaches his critical PCOj. Both of these factars may vary
with depth and diving experience.

Mechanical Efficiency and Self-Paced Work

The diver's mechanical efficiency is rarely determined, because
of the difficulties of measuring oxygen consumption and physical
work output underwater. Mechanical efficiency is defined as the
percentage of the energy expenditure that appears as work output (1,
14), and it is computed by the equatien

MEZ = W » 100/E - ¢

where W is the work output expressed in kilocalories, E is the
gross energy expenditure, and e is the resting metabolic rate.

Goff, Brubach, and Specht (14) and Specht, Goff, Brubach, arnd
Bartlett (33) measured the mechanical efficiency of fin- swimming
divers over a wide range of speeds at a depth of 3 feet. Oxygen
uptake was determined by the closed-circuit method and physical
work output was measured by a unique drag technique. A special
moving water tank, the David Taylor Model Basin, was used to create
water speeds of 19 to 38 w/min, which allowed the swimming diver to
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maintain a constant position relative to researchers and instrumenta-
tion at the edge of the tank. To determine the work output, the
drag resistance was measured by a strain gauge at various water
speeds as the divers were suspended in the flowing water by a cable.
Measures of water speed and drag were used to calculate the amount
of work which would have been done by the diver had he been swim-
ming freely at the selected speeds. The divers were then released
from the cable and swam by kicking with fins against the flowing
water while the ﬁOZ was measured. It was assumed that under these
conditions the diver was producing a force, by kicking, which
equaled his perscnal drag resistance,

Goff and his associates found that the mechanical efficiency
ranged from 1.2 te 5.6% in untrained swimmers, but did not vary
systematically with swim speed or work output. A study of the data
in conjunction with motion pictures of the experiments indicated
that variations in the mechanical efficiency of any particular
swimmer "could be directly related to swimming technique and the
state of buoyancy of the subject.” The importance of swimming
technique was demonstrated by additional experiments with selected
untrained swimmers. After instruction for improving the leg kick
the oxygen consumption at 22 m/min was reduced 287 and the mechani-
cal efficiency increased from 1.47 to 2.07/%. By correcting a feet-
up body position and high kick, one subject reduced his VO by more
than 0.8 1iter/m§n. The significant effect of errors in body
pesition on the V0 was subsequently confirmed for ocean swims by
Dwyer (10). Specht and his associates {(33) used highly experienced
Navy divers as subjects, yet large interindividual differences in
mechanical efficiency were found, along with evidence of a
learning effect in kick rate as the experiments progressed. At
speeds of 21.5 m/min and slower, the efficiency averaged 3.6% and
ranged from 2.0 to 8.0%. At faster speeds the average was unchanged
but the range was less than 1.5%. The data also indicated that the
oxygen cost of swimming a nautical mile is essentially the same at
24,6 and 27.6 m/min (0.8 and 0.9 knots). At both faster and slower
speeds the efficiency tended to fall, and at 1.0 knot the oxygen
requirement was too high toe be maintained for long periods of time,
The calculated oxygen cost of swimming a nautical mile in the moving
water tank agreed closely with a previous report for ocean swims by
underwater combat divers (13),.

Swim speed data, in miles per hour, and drag resistance, in
pounds, reported by Goff et al. (14) may be used to calculate the
work output of fin-swimming divers in conventional units, i.e.,
kpm/min. At speeds of 21.6, 25.0, and 31.0 m/min, the work output
was 37.0, 47.0, and 76.9 kpm/min, respectively. On the basis of
the oxygen uptake for these work rates, corresponding work outputs
on a standard bicycle ergometer would be 533, 649, and 811 kpm/min,
It is apparent that underwater fin-swimming is a relatively inef-
ficient method of propulsion. The drag configuration of the diver,
the viscosity of the water, and the method of applying force combine
to produce a low mechanical efficiency which results in high levels
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of work stress and remarkably low work output rates. In contrast,
stationary cycling work involving the arms and legs simultaneously,
in a seated position, is performed with equal efficiency in air and
water (8). However, stationary cyecling with the legs only, in a
prone position, is performed with a mechanical efficiency of 13%

in water compared to 16% on land (7).

Streimer and his associates (34,35) used a different approach
to study the mechanical efficiency of divers. They measured the
energy cost in liters of oxygen/min/HP for self-paced arm work cn
a flexion-extension task (hack saw) and a rotary task (grindstone).
At a depth of five feet in a swimming pool the oxygen uptake remained
within very narrow limits (C.98 tec 1.13 liter/min) while the work
output varied as task difficulty was altered by charnging the resis-
tance and/or lever arm length. As the tasks became more difficult
the work output actually increased, with essentially no change in
oxygen consumption from the least difficult work conditions where
the work output was lowest, Thus, the energy cost of self-paced
arm work was greatest, 62.9 liter/min/HP, when task operation
was least difficult, compared to 26.3 liter/min/HP when it was
most difficult. Streimer and his co-workers theorized that, as
task operation difficulty, i.e., resistance, increased there was
a reduced need for stabilization forces to keep the diver in position
and the muscular efforts could be redirected to the Increased pro-
duction of useful work. Conversely, as operation difficulty
decreased the need for stabilization forces increased and these
muscular efforts were provided by reducing the work output rather
than increasing the oxygen uptake, These findings seem to be con-—
firmed by Gulyar et al. (16), who found oxygen uptake of 1.41 liter/
min during rest while they were exposed to currents, surge, and
variations in buoyancy. When the divers began clearing the bottom
of rocks, connecting hoses and cables, and operating a drill, the
VO, increased by only 200 cc/min because they could redirect their
muscular efforts from stabilization to the production of useful
work. Thus, a diver is most efficient when his task inherently
provides for body stabilization while extraneous muscular efforts
are minimized,

Self-paced work studies were also performed at 33 and 66 fsw in
the ocean. At either depth, ﬁoz was remarkably constant despite
innate efficiency differences between the two tasks. Between
depths self-paced work rates showed ne change but vOZ was consistently
greater at 66 fsw. Thus, the divers met the added oxygen cost of
breathing at the deeper depth by increasing VOj rather than decreasing
the work output.

Summaty

Within the past twenty years a limited number of studies of
oxygen consumption in SCUBA divers has been published. However,
sufficient data is presently available to describe the energetics
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of SCUBA diving and undersea work. The oxygen uptake of SCUBA
divers while idle or at rest is significantly influenced by cold
water, gas density, pre-work muscular tensing, and the need for
muscular efforts to maintain positional stability.

The oxygen cost of fin-swimming has been found to vary among
different groups of highly trained divers because of differences
in equipment drag, fin configuration, and mechanical efficiency.
The mechanical efficiency of fin-swimming under these conditions
is approximately 3.5%, but it may be as low as 1.0% and as high
as 8.,0% with highly trained military divers. Divers who are permitted
to work and swim at self-paced rates probably experience no more
than a moderate work stress at relatively shallow depths., However,
slight changes in positional stability, swim attitude, buoyancy,
and drag may greatly increase the oxygen cost of a particular task
and raise the work stress to high levels.

The maximal azrobic power (QOgmax) has received very little
attention in diving research. In a pool, divers have reached 78%
of their land-exercise VOzmax by tethered swimming. Other attempts
to reach Vozmax by fin~swimming at maximal effort at 178 fsw were
inconclusive due to a lack of comparable land-exercise data. Still
other studies of VO3 during fast or maximal swimming efforts indicate
a wide range of oxygen uptake, from 2.45 to 4.15 liter/min. In one
open-sea study, a diver was able to work for four minutes at 917 of
his land-exercise VOgpax, but this effort resulted in an acute
awareness of respiratory impairment, a severe headache and a PAgqsp
close to 60 mmHg at 99 fsw. The role of VOZmax in the performance
of undersea work has yet to be clearly determined. Furthermore,
there is evidence suggesting CO) retention as the work-limiting
factor during ocean dives rather than cardiovascular factors.
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C. HEAT EXCHANGE DURING UNDERWATER EXERCISE: JAMES F. MORLOCK AND
T. 0. MOORE

According to Nadel et al., "There have been several studies of
energy production during swimming. However, determinations of the
energy losses during resting exposure in the water have only been
by indirect methods. Very few altempts have been made toward predic-
tion of energy losses during swimming and no actual data have been
obtained to this time (3)}."

Prior to the above study Bullard and Rapp (1) summarized the
literature as follows: "As one looks at the literature in this field,
it is disheartening to see the many small bits and pieces in which
the information exists. Future impetus must be toward more complete
studies in which wide ranges of water temperature, varied metabolic
rates, varied body compositions, and physical conditions are
assimilated."

The following experiments were undertaken to investigate how
the combined factors of water temperature, subcutaneous insulation,
work load, and repetitive exposure affect the rate of heat loss
from the skin surface (HSKIN) while exercising in water.

Methods

Hach subject was asked to arrive at the laboratory at 9:30 a.m.
on the day of the experiment. Prior to arrival he was asked to
arise in his usual manner and eat a typical breakfast. Due to the
length and severity of the forthcoming exposure, nc attempt to
commence in a basal state was made. Upon arrival the subject was
asked to change into a brief nylon racing swim suit and to volun-
tarily void both urine and feces.

Next, the subject sat quietly in a nylon-webbed chaise lounge
adjacent to the water tank and began breathing via a SCUBA double
hose mouthpiece (U.S. Divers, Santa Ana, California) which he used
exclusively throughout the experiment.

The experiment began with a l4-minute control period durirg which
the subject sat quietly in the chaise lounge. This was succeeded by
three 30-minute immersed exercise periods, each fellowed by a
60-minute non-immersed recovery period. This particular protocel
was chosen to simulate a typical working diver's day.

During each of the three recovery periods the subject was wrapped
in a cotton-rayon blanket covered with a radiation-preventing, and
evaporation-inhibiting, space blanket (Thermos Division, King-Seely
Thermo Co., Norwich, Conn.). Recovery room, and therefore inspired
gas relative humidity, was measured by a lithium~chloride sensor,
the resistance cof which varies in proportion to the relative humidity
to which it is exposed (Hygrodynamics Universal Hygrometer Indicator,
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American Instrument Co., Silver Spring, Maryland). Inspired gas
relative humidity while breathing from the SCUBA tank was assumed
to be zero.

Inspired and expired gas temperatures were measured using 26-
gauge copper-constantan thermecouples placed outside the valves in
the SCUBA mouthpiece. These two temperatures as well as recovery
room temperature were recorded on a multipoint potentiometer
(Heneywell Co. Inc., Fort Washington, Penn.).

An underwater bicycle ergometer (2) was used to elicit a
controlled and variable work load (Fig., IIC-1). The following modi-
fications were made in the depth of the tank and the gas collection
system to enable the subject's head to be vompletely immersed. The
water tank depth was increased from 146 ¢m to 171 cm, and a 2 % 4
inch capping which prevented water from splashing out of the tank
was placed on top of that. The gas collection system used was the
SCUBA system previously described (2), except that the mixed expired
gas was collected directly in the 350-liter Tissot spirometer instead
cf in meteorological balloons. To prevent free flow of the SCUBA
regulator due to the hydrostatic pressure gradient from the regulator
to water surface, the expired gas line had to be interrupted.
Expired gas was vented from the mouthpiece to a 15-cm diameter,
70-cm high polyethylene cylinder sealed at the top and open at the
bottom. The cylinder was mounted vertically adjacent to the SCUBA
bottle on the inside wall of the water tank so that half of its
volume was below the water level and therefore filled with water;
the other half protruded above the water surface and contained air.
The expired gas was vented inside the cylinder at the level of the
regulator. It then bubbled through the water-cccupied volume,
callected in the vertically adjacent gas volume, and was vented
directly to a 350-liter Tissot spirometer, which was used to measure
expired volume,

To maintain the water bath at any given temperature below that
of the climatic room the following control svstem was incorporated
(see Fig. IIC-1). The water in the exercise tank could be pumped from
the tank through a 65 % 20 c¢m heat exchanger and back into the water
tank. The heat exchanger, which was placed in a thermally insulated
ice chest filled with 55.0 liters of cold water, was constructed
from 14 meters of approximately 1.3-cm (1/7 in) diameter, thin-walled
copper tubing. An electriec pump (model 11810-37, Jabsco Inc., Costa
Mesa, Cal.) was automatically turned on whenever the water bath
became warmer than the desired temperature. This was accomplished
by a Y5I Model 63 RC Temperature Controller (Yellow Springs Instru-
ments Inc., Yellow Springs, Ohio). The entire electrical portion of
the system was connected to a microsecond ground fault circuit
breaker (Bell Electric Co., Chicago, Illinocis) to prevent accidental
electrocution of the subject by short circuiting.
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Calibration experiments revealed that, for each degree centi-
grade difference between recovery room and water bath, the water in
the cocler increased 0.018845°C per minute, when the water was
mechanically stirred so that the water surface was similar to that
when the subject was exercising in the tank (n = 7, r = 0.995). By
measuring the increase in the cooler chest water temperature for a
given period of time one is able directly to measure the amount of
heat lost from the subject's skin surface while he is exerclsing on
the bicycle ergometer, assuming a bicycling efficiency of 23% (6)
and knowing the rpm at which the subject was pedalling (2). In
other words, if the water tank temperature is held constant, all
the heat absorbed by the cooler is caused by the summation of the
following: heat flux from the climatic room to the water tank and
cooler, rate of increase in heat content of the water due to
mechanical work being done on the water, and rate of heat lost from
the subject's skin to the water. Knowing the first two enables one
to calculate the third, if the rate of temperature increase in the
known volume of water in the cooler is measured.

The capacity of the heat absorbing system was not large enough
to hold the exercise tank temperature constant during the high
rates of skin heat loss when the subjects were initially immersed
in the cold water. However, by the end of the immersion period the
water tank temperature had returned to the desired level, thus
enabling accurate determination of the average skin heat losses
experienced over the entire 30-minute immersion period.

Pertinent physical characteristics of the four subjects used in
the study are presented in Table IIC-l. Each subject was asked to
complete the previously described protocol at three work loads and
four water temperatures (27.5, 25.0, 22.5, and 20.0°C). The work
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loads were chosen te elicit an oxygen consumption of 1.0, 1.5, and
2.0 liters/min in 30°C water (2). This corresponds to pedalling
rates of 46, 55, and 61 rpm respectively. The subjects and work
loads chosen were such that the anticipated 0y consumption would be
less than 60% of any given individual's maximum aerobic power to
ensure that the imposed stress would be primarily thermal.

Table T1IC-1. Physical characteristics of subjects

Mean ]
Subject Age, Height, Weight*, Skinfold#**, V0, max,
vears cm kg mm liter/min
(RD) 31 178 70.48 = 0,19 6.32 + 0.09 4.08
{(IM) 28 184 67.72 + 0.53 7.74 + 0.18 3.75
(DB) 25 180 74.63 + 0.33 10.21 = 0.15 3.35
(MAC) 22 187 101.66 = 0.44 11.13 *+ 0.28 3.52

*Mean *+ SE for 5 measurements taken over course of
experiment. *%Mean * SE for 5 measurements taken at
10 sites over course of experiment.

Because of the excessive thermal drain, the leanest subject (RD)
refused to go back into the water at 22.59C the third time at all
three exercise loads (rectal temperature 33.2° for 46 rpm), and was
therefore not asked to attempt the colder 20°C water series. Subject
DB refused to do the 20°C water series because of other commitments
and the extreme stress that subject JM was experiencing in the 209C
water.

Results and Discussion

Total body heat loss will be divided into two separate pathways.
HSKIN, which is by far the greater of the two at 1 ATA, will be
reported first. Respiratory heat loss (HRESP), the second of the
two pathways, was calculated according to the principles cutlined
by Webh (7).

Figure IIC-2 illustrates that if one singles out water tempera-
ture as the only independent variable, one obtains a definite,
inverse linear relationshlp between skin heat loss and water tem-
perature. These means were obtained by averaging the results
from four subjects, working at three different work loads and three
consecutive exposures, for each of the four water temperatures.

Similarly, by singling out repetitive exposure as the sole inde-
pendent variable (Fig. IIC-3), one notices a trend of progressively
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diminishing heat loss with each successive repetitive exposure.
The reader should note that these are the means of HSKIN obtained
for four subjects, three work loads, and four water temperatures
for each of the three repetitive exposures.

Since HSKIN is so dependent on water temperature, as illustrated
in Figure IIC-2, water temperature was chosen as the primary independent
variable when attempting to determine if any secondary factors inter-
act with water temperature to influence HSKIN. No consistent relation-
ship was found between HSKIN and mean skinfold thickness (MSF) of
any subject. However, if one puts the two leanest subjects into
one group and the two more stout subjects into another group, a
tendency toward a secondary inverse relationship between HSKIN and

MSF can be seen (Fig. IIC-4).
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Since minute ventilation is known to he directly related to work
load, and respiratory heat loss is known to be directly related to
ventilation, a positive correlation between respiratory heat loss
and work load was expected. This relationship is graphically illus-
trated in Fig. TIC~5.

To determine the relative importance of each of the four indepen-
dent variables considered in determining the rate of skin heat loss,
the data were analyzed by the statistical technique of multiple
regression (4). The results of this statistical analysis are sum-
marized in Table I1IC-2Z.
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Table 1IC-2 may be interpreted to mean that the overall regres-
sion equation when all four independent variables are considered is
significant at P = 0.005 level and has a multiple regression coef-
ficient of 0.756. Furthermore, 57.2% of the measured variations
in skin heat loss can be explained by the four variables considered.
Finally, the standard error of skin heat loss is 1.555 kcal/min-m2.
This latter value may be interpreted as the average error in predicting

skin heat loss from the multiple regression equatiomn.

Table 1IC-2 also illustrates that skin heat loss is definitely
not dependent on work load, which is directly related to pedalling
rate and water velocity. Therefore, skin heat loss is not related
to water velocity over the range of work loads tested. This is
consistent with Rapp's (5) prediction based on a theoretical analysis
that non-respiratory heat loss is independent of swimming speed.

This non-dependence of skin heat loss on water velocity is also in
agreement with the conclusion of Nadel et al. {3) that the heat
transfer coefficient between the skin surface and enveloping water
is essentially independent of water velocity.

Since the B values {slopes) associated with mean skinfold and
work load are not even significantly different from zero at
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Tahle IIC-2. Multiple regression analysis of skin heat loss
with water temperature, repetitive exposure, mean skinfold
and work load

Analysis of Degrees of Sum of Mean F
Variance Freedom Squares Square
Regression 4 381.80 95.45 39.45¢%
Residual 118 285.32 2.42

multiple © = 0.756

I square = 0.572

SE = 1.555
Variable B SE F
Water Temperature -0.625 0.0563 123 .24%%
Repetitive Exposure =0.940 0.1731 29.48%
Mean Skinfold -0.100 0.0757 1.75
Work load -0.140 0.3548 0.16
Constant 21.449

*3ignificant at

P = 0.25; **significant at P = 0.10;
tsignificant at P

0.005,

P = 0.25 level, a second multiple regression analysis considering
only water temperature and repetitive exposure was done. The
results of this analysis are summarized In Table IIC-3,

The results of this second analysis indicate that, if one only
considers water temperature and repetitive exposure as independent
variables, the multiple regression equation is significant at
P = 0.025 level and has a multiple regression coefficient of 0.752.
In addition, 56.7% of the measured variation im skin heat loss may
be explained by the two variables considered with the same standard
error of skin heat loss when all four independent variables
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Table IIC-3. Multiple regression analysis of skin heat loss
with water temperature and repetitive exposure

Analysis of Degrees of Sum of Mean F
Variance Freedom Squares Square
Regression 2 376.90 188.45 77.92%
Residual 120 209.21 2.42
multiple r = 0,752
r square = 0,567
SE = 1.5535
Variable B SE of B F
Water Temperature -0.617 0.0559 121 .73%%
Repetitive Exposure -0.951 0.1729 30.226%
Constant 20.152

%#S5ignificant at

P = 0.25; **significant at P = 0.10;
tsignificant at P

0.025.

il

ware included. The predictive equation is as follows

HSKIN

~0.617 (TH,0) -0.951 (REP) + 20.152

where HSKIN 2

heat loss from skin, kcal/min-m

o
water temperature, C

TH»0

REP repetitive exposure number

The above equation allows one to estimate the expected skin
heat loss knowing only the water temperature and the number of
previous 30-min dives a given diver has made that same day, assuming
no artificial rewarming between dives. Standard error in the above
estimation can be expected to be * 1.55 kcal/min-m?.

A liberal estimate of the accuracy of the calorimeter may be
rade by knowing the following facts. The cooler which absorbed the
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heat, which was added to the water tank over the 30-min exercise
period, contained nearly 55 kg of water. Estimated error of the change
in cooler temperature over the 30-min period is at most (.20C

(Thermal couple recorder manufacturer claims an accuracy of 0.14°C),
Specific heat of water is approximately 1 kcal/°C-kg. This leads

to an estimated accuracy of 0.366 kcal/min.

In addition to this, the HSKIN calculation necessitated the
assumption of a known constant bicycling efficiency of 23%.
Shepard (6) says that this can vary from 21 to 25%. Assuming the
largest of the three work loads, this leads to an additional error
of 0.20 kcal/min. For an average surface area of 1.8 m?2, if the
above two possible errors were maximized for all 123 cases, one
might expect the maximum error of HSKIN to be 0.315 kcal/min-mZ.
Yet the standard error of Eq. 1 is 1.555 kcal/min-m?. It is
therefore concluded that factors other than the four independent
variables of Tables 11C~2,3 are needed to predict HSKIN with a
greater accuracy than Eq. 1. We feel that the most likely factor
would be a quantitative index of a given subject's ability to
vasoconstrict the protective shell or, more generally, increase
his effective insulation while exercising in water at various tem-—
peratures.

Conclusions

Heat loss from the skin surface of a working diver is not
dependent on either exercise level or mean skinfold thickness
over the ranges of the two variables tested. On the other hand,
skin heat loss is inversely and linearly related to water tempera-
ture. This relaticnship is medified by the number of previocus
exposures in a given day, A predictive equation has been determined
which allows one to estimate the expected skin heat loss of a working
diver knowing only water temperature and number of previous exposures
and assuming no artificial rewarming between dives. The standard
error of this estimation can be expected to be ' 1.55 kecal/min-m2.
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CHATRMAN'S SUMMARY: 5. K. HONG

Since the first step of diving involves immersion in water to the
neck, it was appropriate to begin this symposium with discussions of
physiological effects of head-out immersion. Dr. Lundgren gave an
excellent review of man's respiratory functions during immersion. He
pointed out the existence of air trapping in the lung during immersion,
which might lead to an accident during a submarine escape. Another
important point was the facilitation of N9 washout during immersion,
which relates to the kinetics of saturation and desaturation with
inert gases in a prolonged diving situation. If we can shorten the
time for decompression following a saturation dive by immersing a
diver in water to the neck, this will contribute much to diving
technology. Cardiovascular data presented by Dr. Lundgren were also
valuable because the depth in the study is greater than that in many
other such studies in the literature.

Gastrointestinal problems associated with diving have not been
appreciated until now. Recently, Johnson et al. (4) reported that
the gastroesophageal pressure gradient increases greatly during
immersion to the neck, predisposing the diver to gastric reflux.
Dr. Lundgren's study indicates that the opposite is true during a
head-down dive, which leads instead to aerophagia: gas will move from
the esophagus to the gastrointestinal tract, where it expands during
ascent, resulting in occasional severe abdominal pains. This is a
new direction for research and more studies should follow this line in
the future.

One theory advanced by Gauer and Henry {3} concerns a consequence
of cardiovascular changes during immersion in the regulation of body
fluid volume. They attributed immersion diuresis te the stimulation
of volume receptors in the low-pressure system, which is supposed to
inhibit the ADH system. However, such ADH inhibition has nect been
demonstrated. Epstein and Saruta (2) showed an inhibition of the renin-
aldosterone system, which could cause a diuresis during immersion.
Within the last year, two groups of imvestigators, Epstein et al. (1)
in Miami and Kurata et al. (unpublished data) in Hawaii, produced
direct evidence for the inhibition of the ADH system during immersion.
According to Kurata et al., the urinary excretion of ADH decreases from
27.5 U/win before immersion to 8.9 during 3-hr immersion in water
of critical temperature; the urinary aldostercone excretion decreased
by 50% during immersion. These recent findings not only prove the
original hypothesis (inhibition of the ADH system), but also implicate
an additional mechanism (inhibition of the renin-aldosterone system)
in the development c¢f immersion diuresis.

Dr. Dwyer gave an excellent review of the energetics of underwater
exercise. He has developed excellent techniques for underwater measure-
ment of VOg and QCOQ in resting and exercising divers. However, there
are still many technical problems in making these measurements and the
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results are thus highly variable. Resistance to breathing offered by
the conventicnal SCUBA gear is so high that it is very difficult to
interpret the results. For example, many investigators report signi-
ficant CO0» retention during underwater exercise, which may limit the
magnitude of underwater work load. Studies conducted in our laboratory
by Dressendorfer indicate that the maximal aerobic power does not
significantly change either during head-out immersion or in an 18.6-ATA
heliox environment, as long as the diver uses a low resistance breathing
valve (unpublished data): there was no evidence of significant retentien
of COp in these experiments. These results indicate that the physiologi-
cal system is capable cf supporting the maximal work locad underwater,
but that conventional underwater breathing apparatus is not.

Dr. Morlock developed a simple calorimetric technique and came up
with very important conclusions on heat exchange during underwater
exercise. He pointed out that water temperature and the number of
previous exposures in a given day are the major determinants of heat
loss underwater. Other factors, such as skinfold thickness and werk
load, do not seem to have much effect. However, the range of skinfold
thickness in this study is narrow, and a more critical evaluation on
the effect of subcutaneous fat may be in order.
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SESSTON III: PHYSIOLOGY OF INERT GASES

A. BINARY AND TERNARY DIFFUSION OF WATER VAPOR IN He, Nz, AND He-0p
AT INCREASED PRESSURES: CHARLES V. PAGANELLI AND FRED K. KURATA

The rate at which one gas diffuses through a second or through
a mixture of other gases has important physiclogical consequences
for animals whose natural habitat is the atmosphere. Pulmonary
exchange of oxygen and carbon dioxide at the alveolar level involves
diffusion in the gas phase, as does gas exchange in the avian embryo,
which takes place through the pores in its shell. TInsensible water
loss from the skin also involves gaseous diffusion of water vapor
from the surface of the skin inte the surrounding air. Binary or
mutual diffuysion of one dilute gas in another occurs at a rate which
is inversely proporticnal to total ambient pressure, according to
the Chapman—Enskog theory (9). This theory also shows the molecular
composition of the binary mixture to be an important determinant of
diffusivity in the gas phase; diffusion of one gas in another of low
molecular weight, such as hydrogen or helium, will cccur more rapidly
than through a heavier gas such as nitrogen or argon.

In experiments on water vapor loss from eggs in air, a prccess
which is known to be diffusion-limited, Paganelli et al., (7) showed
a reduction in this water loss with increasing pressures, and an
augmentation at below-ambient pressures. The relations between
water loss and pressure followed theoretical predictions below
1 atmosphere absolute (ATA), but deviated significantly in the
direction of larger-than-expected water losses at pressures of 2
and 4 ATA. Water vapor loss into a helium environment at 1 ATA
occurred about 2.4 rimes faster than into nitrogen at an egqual pres-
sure. The relation between water vapor diffusion and pressure has
special significance for the water economy of eggs which are
incubated at altitude, as Rahn and Ar (8) have shown.

Insensible water loss in man, for which water loss from eggs
serves as a model, is a major element in maintaining water balance.
Human subjects who live at increased environmental pressure, as in
saturation diving, should show reduction in insensible water loss
and a concomitant readjustment of other avenues of water loss,
e.g., urine flow. The presence of helium in the atmosphere should
also modify insensible loss. Hong (5) has measured such changes;
his results and conclusions are discussed in this symposium.

In view of the foregoing considerations, it is important to
measure the influence of pressure and the molecular species of the
second gas on the binary diffusion coefficient of water vapor.

This study is designed to measure the binary diffusion ccefficients
of the water-vapor-helium and water~vapor-nitrogen systems as a
function of pressure. Since water vapor diffusion usually occurs
in a ternary or quaternary system, the effect on diffusion of
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introducing a third gas (0y) into a2 water-vapor-helium system was
also investigated,

Principle of Measurement

We have adapted the method of Schwertz and Brow (10) to the
study of water vaper diffusion at elevated ambient pressure. They
measured the rate of evaporation of water from a capillary tube into
a second gas whose water vapor pressure was kept at 0. The water
vapor pressure (PHpg) at the gas-water interface in the capillary
tube is the saturation vapor pressure at the temperature of the experi-
ment (250C), while at the mouth of the capillary PHpp = 0, as shown
in Fig. 1I1A-1. Thus water vapor diffuses steadily down its gradient

4= DRY GAS STREAM
P —

0 % H,0 SATURATION

100 % Hy0 SATURATION B
~LIQUID WATER

Fig. [IIA-1. Schematic drawing of capillary diffusion
Lube

and ovut of the capillary tube, and the level of liquid water in

the tube falls. From Lhe rate at which the water level falls, one
may calculate D, the binary diffusion coefficient of water vapor in
the sccond gas. The equation governing this case of one~dimensional
diffusion with a moving boundary is

D 87(" - v EE = :@E
= %2 9x at
where C = particle roncentration of water vapor; x = distance along

the axis of the capillary, positive direction downward; v = rate of
displacement of the gas-liquid interface; t = time.

Details of the solution of Eq. 1, with the assumptions involved, are
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presented in detail by Schwertz and Brow (10), who give the fol-
lowing expression for the binary diffusion coefficient D derived
from the solution of Eq. 1

D = iﬂi_:_hgil - QE,. Ps | 1 (2)
= 7 2(t - tg) ds P In(P/{(P — Ps))

where h, hg = heights of the water vapor-gas column at times t and
to, respectively, (cm); de = density of water at experimental tem-
perature, (g-cm‘3); ds = density of saturated water vapor at experi-
mental temperature, (g-cm‘3); Py = saturation vapor pressure of
water at experimental temperature (Torr); P = experimental pressure
(Torr).

In practice, one measures h, the height of the water vapor-gas column
at increasing times t, and plots (h? - hg?) vs (t - to), where ho

and to are the initial values of h and t. D is then calculated

from the slope of the line, together with known values of the con-
stants in Eq., 2 and a measured value of P. Constants used were:

de = 0.9970 geem™3, dg = 2.304 x 10> g +» em™2, Pg = 23.73 Torr,

all at 25°¢C,

Materials and Methods

Diffusion Tubes. The glass capillaries used as diffusion tubes
were straight-bore 200-ul capillary pipettes, 70-80 mm in length
and 2 mm in ID. TUniformity of bore was checked by mercury weighings
and found to vary by no more than 0.7% from point to point along the
capillaries., Capillaries were cleaned in reagent~grade acetone,
concentrated HNO3 and distilled water, and were filled with freshly
boiled distilled water immediately prior to an experiment.

High Pressure Chamber. Three capillaries were mounted parallel
to each other about 1 cm apart near the front of a high-pressure
chamber, shown schematically in Fig., ITIA-2. The chamber was

HIGH PRESSURE CHAMBER
LUCITE WINDOW N

GLASS CAPILLARY ;
| FAN \

Fig. I1IA-2,
Diagram of high-
pressure chamber
with a capillary
(not to scale)

SILICA GEL
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censtructed of ASTM schedule 160 steel pipe, with a 1-in thick
plexiglass viewing port, 3-in in diameter. Its maximal working
pressure was 50 ATA. The chamber was equipped with a light source,
an induction-motor fan to provide stirring, a tray containing indi-
cating silica gel to keep PHp in the chamber at 0, and a calibrated
thermistor for measuring chamber temperature (YSI #427 thermistor
and model 46 TUC telethermometer, Yellow Springs Instrument Co.,
Yellow Springs, Ohio). Pressure within the chamber was measured
with a direct-drive Bourdon-tube gauge, calibrated to an accuracy
of 0.25% of full scale or about 2.5 1b in‘z, according to manufac-
turer's specifications (Roylyn Precision Direct Drive Gauge, 3-D
Instruments, Inc., Anaheim, Cal.)}.

Cathetometer. Measurements of h, the length of the water vapor-
gas column, were performed using a cathetometer readable to .00l cm
(Precision Tool and Instrument Co., Ltd., Surrey, England). Eleven
replicate determinations of distance between the top of a capillary
tube and the water meniscus yielded a standard deviation of * .(013
This degree of precision is made necessary by the slow rate of water
evaporation from the capillaries and hence the small differences
between positions of the meniscus in time. In experiments conducted
at 50 ATA of N, for example, h changed by less than 0.03 cm in the
course of 6 davs.

Gases. Commercially available He and Ny of high-purity grade
were used. Manufacturer's specifications list high-purity He as
99,995% He and high purity N2 as 99.99%Z N2. He-03 mixtures were
prepared from high purity He and 99.6% 02 in our laboratory and

cm.

analyzed either with a Beckman OM-11 oxygen analyzer (Beckman Instru-

ments, Inc., Fullerton, Cal.} or with a Quintron model R gas chroma-
tograph (Quintron Instrument Co., Inc., Milwaukee, Wis.)

Temperature. The pressure chamber was placed in a constant
temperature chamber (model 1247LA, Hotpack Corp., Philadelphia, Penn
which was capable of maintaining a set temperature to about * 0.2°C.
The temperature within the high pressure chamber itself showed even
smaller fluctuations, of the order of % 0.02°C, because of its large
thermal mass. Temperatures were measured with YSI thermistors cali-
brated against precision mercury thermometers with 0.05°C scale divi
sions. As Schwertz and Brow (10) pointed out, evaporation may cool
the gas-water interface significantly below the ambient temperature
in the high-pressure chamber if it proceeds too fast, and thus may
lead to erroneously low values of D. Evaporation is accelerated as
the liquid level is brought closer to the open end of the capillary.
In the present experiments, the liquid level was kept at least 6 cm
below the open end of the capillaries for all experiments conducted
at 1 ATA, where evaporation is most rapid. During an experiment
in which water vapor was diffusing into He, the actual temperature
difference between the gas-water interface and the bulk water phase
was measured with a copper—constantan thermocouple made of .005-in
wire, a size small enough not to occupy any significant fraction of
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the surface area of the capillary. The voltage output of the thermo-
couple was measured with a Hewlett-Packard model 419A null micro-
volitmeter; the temperature difference recorded in this fashion was
less than 0.01°C.

Sources of Error, One possible scurce of error lies in the
assumption that diffusion of water vapor out of the capillary is the
rate-limiting process, i.e., that removal of water vapor from the
mouth of the capillary by convection is sufficiently rapid to
maintain Pgyp = 0 at this point. Schwertz and Brow (10) checked
this assumption by measuring diffusion coefficients at several
volumetric flow rates in their apparatus from 50-300 cm3 min~!
and found no influence of flow in this range. In the present
experiments, convective mixing was produced routinely within the
high-pressure chamber by a small fan which caused a linear flow
velocity near the tops of the capillaries of 100 cm sec~ !l at 1 ATA.
The binary diffusion coefficient of water vapor-helium was measured
under this type of convective mixing and also with a 500 cm® min-1
flow of helium from a pressure cylinder directed at the tops of the
capillaries. The two experiments gave values of D which agreed
within 3.8%.

Possible errors in cathetometer readings caused by thermal
expansgion of contraction of water attendant on temperature fluctua-
tions of the order of those which cccurred during diffusion experi-
ments were calculated and found to be negligible. Similarly,
although some vapor pressure lowering is to be expected as He or Np
under high pressure dissolve in water, the fractional lowering of
water vapor pressure caused by dissolution of Ny at 50 ATA, for
example, is less than 0.1%. Pressure per se Iincreases water vapor
pressure at a given temperature, but again, the effect is slight.
For example, 1t may be calculated that the equilibrium vapor pres-
sure of water is increased at 50 ATA by about 3% over its 1 ATA
value (11).

Results

Diffusion measurements were made at 25°C on the binary systems
HzO(g)—He and Hzch)—Nz at approximately 1, 4, 10, 20, and 50 ATA.
Diffusion of water vapor in the termary system Hp0(g)-He-02 was
also measured in gas mixtures of 1.6% 07-98.4% He and 26% 05-757% He.
Data were obtained in the form of wvalues of h vs t, and for binary
systems were plotted as (h? - hg?) vs (t - tg) for each of 3 dif-
fusion tubes at each pressure and gas combination. Linear least-
squares regression analysis was performed on the data from each
capillary, and the three slopes so obtained were averaged before
calculation of D by Eq. 2. The data fall very closely on each
regression line, as shown in Fig. ITTA-3, a representative plot for
H20(g)-N2 at 1 ATA. Correlation coefficients were never less than
0.997 and averaged 0.999 over all experiments. Plots of (h? - hy?)
for Hy0(g)-He and Hp0(g)-N2 at pressures of 1, 4, 10, 20, and 50 ATA
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Fig. IIIA-3. (hz—hoz) in cm? vs elapsed time At in units
of 10° min. Water vapor diffusion into Ny at 1 ATA,
25°C. Each symbol represents a separate capillary.

are shown in Figs. IIIA-4,5, respectively. The reduction in slope
with increasing pressure is immediately evident. Corresponding
binary diffusion coefficients are given in Table IIIA-1. The
diffusion coefficients listed at 1 ATA in Table IIIA-1 were actually
obtained at prevailing atmospheric pressure (Pp), which deviated
from 760 by 4-5 Torr at most over several months; these diffusion
coefficients were then corrected to 1 ATA by multiplying by Pp/760.
Estimates of the standard deviation in D in Table IIIA-1 were
obtained by combining standard deviations obtained from the linear
regression analysis for the 3 individual slopes in each experiment,
according to rules for propagation of error (1).

Fer comparison, Schwertz and Brow (10) list experimental values
of DH50,He, and DH20,Np, at 349C and 1 ATA of 0.902 cm? s™! and
0.256 cm? s}, respectively; Lee and Wilke's (6) value of DH20,He,
at 25°C is 0.908 cm? s-!. Data from the present experiments are
in good agreement with these numbers.
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Fig. ITIA-4. (h%®-hg?) in cm? vs elapsed time At in
units of 10° min. Water vapor diffusion into He
at the indicated pressures. RS = slope relative
to that at 1 ATA.

The last column in Table IIIA-1 gives the ratic of Do, the value
of D at 1 ATA, to D at the experimental pressure. According to
Chapman-Enskog theory this ratioc at moderate pressures (atmospheres
in multiples of tens) should be equal to P/P,, or simply to P,
since Py = 1 ATA. Fipure TITA-6 is a graph of D,/D vs P/Po.
Experimental data are plotted as points, and the line of identity is
drawn. It is clear that D,/D deviates from Chapman-Enskog theory
above 4 ATA for H0-N2, and above 20 ATA for Hjp0-He; the deviations
are more pronounced in N2 than in He, and become larger at the
higher pressures., Comparison of the He and Ny data at the same
pressure shows that water vapor diffuses from 2.5 to 3.3 times more
readily through He than through Ny, depending on the pressure.

In the ternary system Hp0-He-0,, flux of water vapor out of the
capillary tube was used to characterize rthe diffusion process,
since it is not in general possible to assign a single diffusion
coefficient to a system involving three gases (2). For ternary
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Fig. IIIA-6. D,/P, ratio of binary diffusion coef-
ficient at 1 ATA to that at experimental pressure
P, vs P/Py, where Po = 1 ATA. Points are experi-
mental values; line of 1ldentity has been drawn.
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Table ITIA-1. Binary diffusion coefficients at 25°C.
Do/D = ratio of binary diffusion coefficient at 1 ATA
to that at experimental pressure.

Gas System Pressure, D, em?s™ 1, Do/D
ATA + % SD
H0(g)~He 1.00 0.836 * 0.2% 1.00
H0(g)-He 4.06 0.209 =+ 0.8% 4.00
Hp0(g)~He 9.85 0.0849 + 1.5% 9.85
H20(g) ~He 20.12 0.0444 * 2.0% 18.8
Hp0(g)-He 50.88 0.0188 =+ 0.9% 44.5
Hy0(g) N2 1.00 0.253 + 0.4% 1.00
Hy0(g)-N2 4.10 0.0672 * 1.5% 3.76
HpO(g)y-N2 9.84 0.0297 + 0.8% 8.52
H20(g) N3 20.05 0.0159 * 1.3z  15.9
Hy0(g) -2 51.01 0.00749 + 2.6%  33.8

¥ SD values determined as described in text.

systems h was plotted directly against t, as shown in Fig. IITA-7.
Good straight line fits to the experimental data were obtained by
linear regression analysis, and dh/dt, the slope of the line, was
determined. Correlation coefficients averaged 0.999 over all

experiments. To a close approximation, dhi/dt is a direct measure

‘Water Vopor Diffusion ot 25°C, 20 ATA

Purg He

* He-0p (T4-286)

| L L 1 1 1 L L
3601 . s . - . L 5 5
At 107 minutes

Fig. IIIA-7. h in cm vs elapsed time At in units of 103
min for binary diffusion (pure He) and ternary diffusion
(He-09 in a 74%-26% mixture) of water vapor at

20 ATA,
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of the water vapor flux out of the tube per unit cross-sectional
area. Because part of the liquid water which evaporates remains
behind in the tube, dh/dt does not measure the flux exactly.
However, the amount of water vapor remaining behind is several
orders of magnitude less than the quantity which evaporates, and
can be neglected in the present analysis. Table ILIA-2 lists
ternary fluxes computed as described above, with values of the cor-
ragponding binary fluxes in water-vapor-He and ternary/binary flux
ratios given for comparison. When 0y is present at a concentration
of 26% by volume, water vapor flux is reduced in the ternary system
to between 60- and 70% of its value in pure helium. At 1.6% 02 by
volume there is very little effect on the water vapor fluxes.
Standard deviations of the fluxes were calculated in the same fashion
ag described for the diffusion coefficients.

Table IIIA-2., Water vapor fluxes at 25°C for the ternary system
H20(g)-He-02 at indicated compositions (% by volume), and the binary
system H20(g)-He.

Gas System Pressure Water Vapor Flux, Ternary Flux
ATA (ges~tecm™2).106 Binary Flux#
ternary binary#*
Hp0(g), 74% He-
26% 02 1 1.86 £ 1.7%4 2.99 + 0.5% 0.62
4 0.49 £ 2.17 0.79 + 2.4% 0.62
20 0.19 + 1.0% 0.28 + 2.1% 0.68
H20(g), 98.4% He-
1.6% 0p 1 2.94 + 1.2Z 2.99 + 0.5% 0.98
20 0.27 + 1.4% 0.28 + 2.1% 0.96

Values are % 5D, determined as described in text.
*Binary fluxes have been computed for the system
Hp0(g)-He at the same pressure as the corresponding
ternary [lux.

Discussion

Results of the present investigation show that the diffusivity
of water vapor in He varies closely as 1/P, at least up to 10 ATA.
However, by the time 20 ATA has been reached, reduction in DH»0,He,
has not kept pace with increasing P. In Ny, deviation from direct
proportionality between DHo0,N7, and 1/P is already apparent at & ATA,
and grows greater with increasing pressure. At 50 ATA, DH20,He, is
13% larger than expected (0.0188 cm? s-! by actual measurement vs
0.836/50.88 or 0.0164 cm? s”! predicted); DH20,Np, is 34% larger
(0.00749 cm? 5! measured vs 0.253/51.01 or 0.00496 cm? s~! predicted).
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Deviations of binary diffusivity from 1/P dependence at high
pressure are not unique to systems containing water vapor. Durbin
and Kobayashi (3) have shown a similar phenomenon in the pressure
dependence of krypton-85 diffusion in krypton, argon, nitrogen,
helium, and carbon dioxide. Their deviations are reported in the
form of increasing values of the product (gas diffusivity X density)
with increasing pressure and thus are in the same direction as those
noted in the present study, though smaller in magnitude for compar-—
able pressure changes. It is apparent that the simple inverse rela-
tion between D and P for systems containing water vapor begins to
break down at quite modest pressures, and at 50 ATA, a pressure
already achieved in saturation diving, can be seriously in error,
at least for Np-containing gas mixtures.

Qur data on reduction in DH20Q,No, with pressure provide a quali-
tative explanation for the findings of Paganelli et al. (7) om
pressure-induced changes in water loss from eggs, which was mentioned
previously. Those findings also showed the reduction in water loss
rate with pressure to be less than expected on the basis of Chapman-
Enskog theory for dilute gases.

The deviations from Chapman-Enskog theory for dilute gases
observed in the present experiments are not surprising in view of
the assumptions on which the theory rests: that the diffusing
molecules are monatemic, spherically symmetrical, and non-polar, and
undergo only binary, elastic collisions (4). In approaching problems
involving diffusion of real gases at pressure, it would seem best to
rely on measured values of diffusion coefficients wherever possible.

Our measurements of water flux in the ternary system H»0-He-0j3
showed several features of interest. Introduction of 26% 07 by
volume inte a water-vapor-He system reduced the water vapor flux by
nearly 40% at 1 and 4 ATA, and by slightly less at 20 ATA. When the
07 was reduced to 1.6%, on the other hand, its effect on water
vapor fluxes was negligible both at 1 and 20 ATA. From cur limited
data, reduction of fluxes with pressure in a ternary system of given
composition is seen to follow an approximate dependence on 1/P, but
again, the reductions are less than predicted at 20 ATA. We have
obtained results at only two 07 concentrations; the exact nature of
the dependence of water vapor flux on 07 concentration in a ternary
system awaits further investigation.

The information which we have obtained in the present investiga-
tion points to several factors which may assist us in explaining
quantitatively the changes which Hong (5) has observed in human
insensible water loss at increased ambient pressure.

The first is the retarding effect which pressure per se exerts
on the diffusion process by increasing the numbers of molecules in
the diffusion path. The fact that pressures in the range of 20-50 ATA
{and above) will have proportionately less effect on gas diffusion
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than lower pressures should also be considered in this connection.
The molecular species of the gas in which insensible water loss
occurs must alse be taken inteo account. Finally, one must consider
whether binary, ternary, or some other multi-component diffusion
process is occurring.

The recent saturation dive conducted by Hong (5) and collieagues
to approximately 19 ATA in 1.6%Z 09-98.4% He may be used as an
illustration of some of the foregoing. Preliminary analysis of the
data shows that insensible water loss was reduced to 607 of the
levels observed in air at 1 ATA. The most appropriate comparison
from our data should be made between the binary diffusivities
DHp0,He, at 20 ATA and DH,0,Np, at 1 ATA. The ratio of these dif-
fusivities is 0.044/0.253 = 0.17; thus, other things being equal,
the insensible loss at about 20 ATA in an approximately normoxic
He-0y environment should be about 17Z of its 1 ATA control in air.
It is clear that in the saturation dive described above, "other
things" were not equal. Skin temperature, ambient relative humidity,
convective flow, and degree of activity can all influence insensible
loss, and these factors varied significantly between the 1 ATA
air and 20 ATA He-07 exposures. It is not surprising, then, that
predictions based only on the diffusive behavior of water wvapor
should be inadequate to explain quantitatively the observed
depression of insensible water loss. However, it should be possible
to design future experiments in which non-diffusive factors are
controlled, and under those circumstances we may look forward
to a test of the diffusive behavior of insensible water loss.
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B. EFFECTS OF HELIUM ON PULMONARY GAS EXCHANGE: CONVECTION AND DIFFUSION:
HUGH D. VAN LIEW

Based on the theories of others (1,2,3,10,12,14) this paper will
explain how two processes, molecular diffusion and convective flow, may
interact in the delivery of gas to a person's lungs. Breathing of
helium-oxygen mixtures is the experimental technique to use for study
of the diffusion/convective interplay because the light molecule,
helium, has higher diffusivity than N» or 02, and therefore imparts
higher diffusivity to 03 in the He-0p7 mixture.

Axial Dispersion

In 1915, Yandell Henderson and his co=-workers (8) published a
drawing which showed a cone-shaped spike of smoke moving through a
glass tube, an early demonstration of what may occur in the lung
airways if the convective flow is laminar. Henderson claimed that
smoke began to issue from the tube when a volume of smoke equal to
about a third or quarter of the tube's volume had been put in it.
From the Poiseuille equation, one can calculate that in ideal
laminar flow the front of new gas will begin to emerge when half
this volume has been replaced. This means that if ideal laminar
flow ocecurs, flow in a 500-ml tidal volume would extend as cone-
shaped pencils through at least the first liter of lung velume.
Although enough air te fill the airways to the twentieth generation
of Weibel's 23~generation model (13) had been introduced, some gas
would penetrate significantly closer to the alveclar membranes, to
the twenty-second generation. Thus the axial dispersion of the gas
in laminar flow will be greater than one might expect from the inspired
volune.

Two processes can decrease the axial dispersion of inspired gas.
Turbulence causes gas to mix intensely with nearby gas rather than
sliding past it as in laminar flow, with the result that fresh gas
moves forward as a cylinder with a blunt profile of composition vs.
length rather than with the cone-shaped pencils or spikes of laminar
flow.

Radial Diffusion

The second process that can cause a blunt composition profile
is radial diffusion, an exchange of molecules between fast and slow-
moving laminae. The result of this exchange is that while the flow
continues, the fast-moving laminae become depleted of fresh gas and
take on the composition of the stale gas that was present before
the new gas entered, and conversely, the slow-moving laminae become
enriched with the new gas that has moved out of the fast-moving laminae.
Fig. IITIB-1 illustrates this blunting of the composition profile by
radial diffusion.
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Fig. IIIBR-1. Illustration of how radial diffusion blunts the
profile of concentration vs. distance in laminar flow. Upper:
shaded molecule diffuses out from shaded spike of fresh gas
and clear molecule of stale gas diffuses in. Lower: as flow
proceeds downstream, exchanges typified in upper panel have
depleted fresh gas from forward end of spike. B8Shaded fresh
g£as now appears to be moving forward like a cylinder or plug
which moves at average wvelocity of flow, not at high velocity
of central fast moving laminae.

Dr. Robert Mazzone, a recent graduate of our Department in Buffalo,
made several interesting observations regarding the diffusion/convective
interplay while working with Drs. Farhi and Modell. Most of his work
(11) will be published later, but I have Dr. Mazzone's permission to
describe the model experiment shown in Fig. TIIB-2. This is a clear
demonstration that radial diffusion can blunt a concentration profile.
Dr. Mazzone allowed argon cantaining traces of other gases to flow
through a plastic tube which had a mass spectrometer sampling port
at the end. The tracers, helium and the densc gas SFg, both reached
the sampling point at the same time on the average, but helium
showed a steeper rise in concentration, indicating a blunted profile
and decreased axial disperson.
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Fig. ITIB-2. Model experiment to prove that radial diffusion
blunts concentration vs., distance profile of gas in laminar
flow, from work of Mazzone (11). Above: preparation. Below:
output of mass spectrometer.

Despite the appeal of the smoke and tracer gas demonstrations,
further experimentation is needed to determine whether the phenomena of
axial dispersion and radial diffusion have any relation to gas exchange
in the lungs. These phenomena do not occur in turbulent flow, and even
in regions where flow is laminar the airway system is more complicated
than the straight tubes from which simplified descriptions have come.

Breath-Hold Experiments

Molecular diffusion is vital to transport of 02 from air to blood;
oxygen must diffuse in an axial direction to the alveolar membrane
from wherever in the lung the high 03 in a breath is delivered. How—
ever, we have seen that high diffusivity of a gas may blunt the incoming
front of fresh gas, and thereby impede gas exchange.

Dr. Larry Johnson and I published data supporting this view of

the good/bad nature of high diffusivity (9). Anesthetized paralyzed
dogs were ventilated by a pump. Arterial FO2 was continmally monitored
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with a flow-through 03 electrode arrangement. Tig. ITIB-3 is a repro-
duction of a typical record, reading from left te right. Note that
the POy of the breathing mixture was purposely high so that complica-
tions of blood HbO2 carriage would be avoided.

Lung
volume
180

Pao,

140

Fig. ITIB-3. Arterial PO2 in an anesthetized paralyzed dog
during a breath hold in the expiratory position, from Johnson
and Van Liew (9). Upper trace indicates breaths and time of
breath hold.

When the pump was stopped, PO in the lung and blood fell, and when
the pump was turned on again, POy rose. To compare He-02 mixtures with
N2-02 mixtures two measurements were made, the steepness of the down-
slope and the rate of oxygen washin or rise. It was found that the
downslope was less steep with He-02 mixtures, as if the pool of 02
available for uptake into the blood was greater., This is interpreted
as an indication that helium facilitated the diffusion of 02 in the
exchange units.

In contrast to the finding with the downslope, helium appeared to
hinder 02 transport during the washin. The rise of the POy afrter
turning on the ventilatory pump was slower with He, apparently because
of blunted profiles of incoming 02 in the airways.

Inspiratory Breath Holds

In the experiment described above, the breath hold was done at the
end of expiration so the facilitative effect of helium during the
breath hold was on exchange within the alveclar gas; the fresh gas
front had been expired and the airways were filled with gas that was
approximately the same as that within the exchange units. In a dif=-
ferent experiment (4), Dr. Kenneth Bondi and T observed the effect of
helium on interchange between the exchange units and fresh gas in the
airways by studying breath holds in the inspiratory position. The
experimental situation was very similar to that outlined above.
Anesthetized paralyzed dogs were ventilated by pump, and a continuous
sample of arterial blood was analyzed for pH as an indicator of CO02.
Figure IIIB-4 shows a typical record. When the pump was stopped in the
inspiratory position, pH rose to a higher, more alkaline level than it
had during previous uninterrupted breaths.
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Fig. ITIB-4. Arterial pH during a breath held in the inspira-
tory position, from Bondi and Van Tiew (4). Hump indicates that
with increased time of contact between fresh air and exchange-
unit air, there is more C02 exchange than in ordinary
preceeding breaths.

For lack of a better term, we call the pH rise a hump. Apparently
some time-dependent process was facilitating gas exchange during the
inspiratory breath hold. When an He-07 mixture was used instead of
air to ventilate the dog, the hump seemed slightly bigger and a
little prolonged. T am amused that we weren't more startled by this
result before. Why should helium, which promotes diffusion, have so
little effect on this gas exchange between fresh airway gas and the
stale exchange unit gas? From the work of Engel, Macklem and associates
(5,6,7), 1t now appears clear that the beating of the heart has such
a major effcet on gas mixing in the airways, and presumably between
airways and exchange units also, that diffusion is relatively unimportant.

In summary, we can make three statements which velate the diffusion/
convection interplay to problems of diving. a) At one atmosphere pres-
sure, the effect of helium breathing on gas exchdnge is hard to predict.
Enhanced radial diffusion in the airways is expected to decrease the
axial dispersion of inspired gas, but improved diffusion within the
exchange units may make up for the disadvantage. b) In a hyperbaric
environment, molecular diffusion is decreased. Therefore, by the
same reasconing as in a), gas exchange with No-07 mixtures at hyperbaric
pressures will be influenced by oppesing tendencies; less radial dif-
fusion will improve axial dispersion, but poorer diffusion within the
exchange units will be a hindrance. <¢) Gas exchange in He-07 mixtures
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in hyperbaric environments will tend to be like exchange in N3-07
mixtures at normal pressure. The decrease of diffusivity due to pres-
sure will tend to counterbalance the naturally high diffusivity of
helium.

Summary

Molecular diffusion and laminar convective flow apparently interact
in the airways in such a manner that highly diffusible gases, e.g.,
helium, or 07 in helium-oxygen mixtures, tend to penetrate the airways
poorly. In anesthetized paralyzed dogs, 02 and CO? exchanges with
animals breathing He-09 mixtures were compared to exchanges with N2-02
mixtures. The results showed that helium facilitated the gas exchange
during a breath hold in the expiratory position, hindered 02 washin
into the lungs, and had little effect during a breath hold in the
inspiratory position. These findings were explained by the ideas that
diffusion within the exchange units was improved with helium, but that
radial diffusion in the airways prevented fresh He-07 from penetrating
deeply into the lungs, and that agitation by the heart, not diffusion,
plays the major role in gas mixing between airways and ¢xchange units.

ACKNOWLEDGMENT

This study was supported in part by National Institutes of Health
Grant 5 POl HL 14414,

Note

A paper bv P. A. Kvale, J. Davis, and R. C. Schroter, "Effect of
gas density and ventilatory pattern on stcady-state CO uptake by the
lung," Respiration Physiol. 24:385-398, 1975, provides additional
experimental evidence that radial diffusien can be an important hindrance
to gas exchange. Carbon monoxide uptake in man was less with low
inspired volumes, less in helium than in SFg, and less with low inspira-
tory flow rates. Apparently the axial penetration depended on the depth
of the breath but also was less when diffusivity and time for diffusion
in the flow stream were high.
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C. EFFECT OF GAS DERSITY ON 0 UPTAKE IN MAN DURING INCREASING
WORK LOADS: TERENCE O. MOORE AND D. G. WATT

Man's exposure to hyperbarism has become more frequent, and
various diluent inert gases have been utilized to avoid density
and/or narcotic effects. As interest in human work performance in
these envircnments has increased, so has research on the effects of
the physical characteristics of diluent gases on work performance.

As gas density increases under hyperbaric exposure, both the
ventilatory and gas exchange functions of the lung are altered (3,
5,7,8). Other density factors which increase thermal conductivity
of the medium have recently been reviewed by Webb {10), and are not
considered here,

Opinions about oxygen delivery from lung to blood with altered
gas densities have varied ranging from no change at 1 ATA vs. 4 ATA
on N9-02 (6}, to increased 0 uptake as density increased at 1 ATA
(5,8,12).

Van Liew concludes, in a series of experiments, that while
increased oxygen diffusivity should occur in a less dense carrier
gas, the possibility of increased radial vs. axial diffusion may be
disadvantageous to overall oxygen delivery to blood.*

The present experiment attempts to determine V0y characteristics
attributable to inspired gas densities in a situation of controlled
and relatively high work output and 07 requirement.

Methods

Experiment T, Ten subjects performed exercise on a Quinton-
Monark bicycle at 300, 600, and 900 kpmemin~l at 1 ATA on either
compressed normoxic nitrogen or helium/oxygen. All trials took
place in an environmental room maintained at 27°C + 5°, and
replicate trials were averaged. The breathing rig in all cases
was a Z2-stage, double-hose assembly (U.S. Divers, Santa Ana, Cali-
fornia). 1In a given experiment, the subjects either breathed the
helium or the nitrogen mixture and were not tested more than once
in any week.

After resting measurements, each subject pedaled at each load
for a minimum of five minutes, the last two of which were used to
determine heart rate (HR), respiratory rate (RR), minute ventilation
(VE), 02 consumption (V02) and CO2 production (VCO2). Expired and
ingpired gases were analyzed on a Beckman OM-11 oxygen meter and
LB~-1 CO2 meter, and compared with the method of Scholander (9) in
all cases.

*See his paper in this Symposium.
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Experiment II. In this case, work load was constant (discussed
below) at the 900 kpm°min_l level, and was maintained for 20 min.
In addition, normoxic argon-07 was added as an inspired gas and the
mix to the regulator was randomly altered (via 3-way wvalve) at
5-min intervals during the 20-min exercise period. Six male subjects
(including 4 from Experiment I) were chcsen, based upon theilr ability
to maintain the work leoad for the required period of time. All were
experienced bike riders, and no difficulties were encountered. An
rpm level of 50 was maintained by metroncome pacing.

Statistical inferences were made from paired-t tests in both
experiments.

Results

Experiment I. The basic measurements with calculated tidal
volume (VT) appear in Table IIIC-1. VE was not different until the
highest work level was reached, where He-0p ventilation was signi-
ficantly (P < 0.02) higher than for Np-02 breathing. This apparently
was the result of a slightly higher RR (P < 0.02) rather thanm VT, an
unusual finding for rhythmic work. QOQ was depressed breathing
He-02 (P < 0.02) at all levels above resting. This is shown by the

ventilation equivalent curve in Fig. ITIC-1, which demonstrates the

Ventilotion Equivalent

&0

50

Ve
L/min
BTPS

40

30

20

o 05 . ) 15 20
vo2 L/min STPOD

Fig. IIIC-1. Ventilation equivalent for increasing
work load breathing normoxic He-03 or N2-02 at 1 ATA.
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relatively poor 07 extraction during work on He-0y. Heart rate was
higher (P < 0.01) with He breathing at the high lcad.

Experiment ITI. The higher work load was chosen for this study
because differences seen in Experiment I appeared greatest under
this condition. Table IITC-2 contains the measured values. Again,

Table ITITC-2, Ventilatory and gas exchange data at work load of
900 kpm*min * breathing normoxic He-0p, N2-02, and Ar~0j,

He No Ar

VE, 63.5 50.5 54.1

liter/min BTPS + 3.6 + 3.4 + 5.5
VO3, 1.320 2.215 2.567
liter/min STPD + 0.090 + 0,060 +  0.150
VCoy, 2.841 2.266 2.444
liter/min STPD + 0,102 t 0.099 + 0,085

Respiratory rate, 23.5 18 19,2

breaths/min + 2.1 + 1.9 £ 2.0
VT, 2.702 2.806 2.818
liter + 0,130 + 0,190 + 0.180

Heart rate, 155 135 145
beats/min + 3.8 T 4.7 + 7.1

Values are means, + 1 SE

VE was highest in the He-0y breathing, significantly different

(P < 0.02) from both N2-02 and Ar-03., The latter were not different,
V02 varied directly and linearly with the density of breathing gas
mix, lowest with He-09 and highest with Ar-09. VCOz2 was much more
variable in this experiment and was higher than that found in the
previous experiment with He and N2. Respiratory rate was again
higher breathing He-03 (P < 0.02) and no difference was found between
the other two mixes. VT was not altered in any case, buf was higher
than found in Experiment I. Heart rate was higher (P < 0.05) with He
and not different on N» vs. Ar.

Discussion

Common denominators in both experiments are the elevation of
ventilation on low density He and the enhanced 02 uptake with increasing
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density. Wood et al. (12) had reported that ventilarion was more
uniformly distributed when relatively high flow rates of dense gases
were breathed, and Saltzman et al. (8) suggested that increased

gas density may improve gas exchange by favorably altering ventilation/
perfusioen relationships, 1In 1969, Lanphier {(5) reported that the
distribution and mixing of inspired argon was more uniform in subjects
at 7 ATA than at 1 ATA.

Other studies on breathing of dense gases, in man (7) and dog (6),
have shown the enhanced uptake of 09 with increasing density and
work load.

An attractive hypothesis for improved 0y uptake (1,11) is that
increased density helped to abeolish stratification via better convec-
tive mixing in the airways. This allows deepar penatration into lung
exchange units, and results in shorter diffusion distances. While it
is still debatable that the decrease in gas diffusivity can be offset
by the shorter diffusion distance, Farhi (3) is of this opinion for
the hyperbaric environment,

Interestingly, the He-05 ventilation equivalent curve found in
this study coincides quantitatively with one reported by Dejours (2)
for exercise under a variety of conditions. TIn his study, this
curve bore the label "acute hypoxia."

In summary, this study demonstrates that within density ranges
from 1 ATA He-0; (0.389 g/liter at 270C) to an equivalent He-0p depth
of approximately 4 ATA (1.558 g/liter) or 1 ATA Ar-07, high 07 consump-
ticns are supported by increasing density, while decreases in ventila-
tion tend tc level off, The data are consistent with the wview that
increased convective mixing deoes indeed offset decreases in diffusivity
that might occur at work loads and densities seen by the working
diver. If the relationship holds at higher densities, the hyperoxic
environment generally provided for the habitat diver might be reduced
without incurring important performance decrement.

Summary

A total of 14 fit male (n = 10) and female (n = 4) subjects performed
bicycle work at 300, 600, and 900 kpm+min~l at 1 ATA breathing normoxic
helium-0, or air, and at 900 kpmemin~1 on normoxic argon=0p (n = 6),
Minute ventilations (VE) and 02 uptakes (VO;) were compared at identical
work loads to discern the 0y uptake characteristics with different inert
media as density varied. VE decreased slightly and @02 increased signi-
ficantly (P < 0.01) with increasing gas density, indicating a less
efficient ventilation equivalent breathing helium-oxygen mixes. This
effect was exacerbated at higher work loads. V02 for the highest work
load varied from 1.320 + 0.09 liter/min breathing He-02 to 2.567 * 0.15
liter/min breathing Ar-0p, with Nz~02 being 2.215 = 0,06 liter/min.
Increased work of breathing did not appear to account for the increased
VOz2. It is suggested that, within the ranges measured here, a higher density
inert gas carrier increases efficiency of 09 uptake during work in man.
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D. EFFECTS OF HELIUM ON THE CARDIOVASCULAR SYSTEM UNDER NORMOBARIC
AND THERMONEUTRAL CONDITIONS: Y. C. LIN AND 5. M. C. 1LOM

Helium-oxygen mixtures under normobaric and thermoneutral condi-
tions are generally held to be pharmacologically inert. Physiological
effects which have been thus far reported are largely attributed to
their high thermal conductivity, (2,3,6,11,23), low specific density
(1,15), and facilitation of diffusion of other gases, including water
vapor (26,34,36). Several specific effects of helium gas have been
reported and are summarized in Table TIID-1. Only those observations

lahle II1T0=1. Blolopical effccts o7 rarmsbaric fhesmonfurral baliun gas

Eftacis Investigatots

Depregsea rescing hesrt rale
in unanesthetized Tac Khoades et al., 1967
Lin and Kata, 1974

in men Houg e al., %77
Flynn et al., 1371
Hu and Bussn, 1972

sntlarrhyehele activigy Pifarre et al., 1968, 194%, 1970
in aneschetlaced dog Haymead et al., 1972
Tolteds and Scoct, 1972

Elewares wentricular fibrlllutory Leen and Harrie, 1973
threshald

Depresses circulating catechnlanlne Zaymond et al., 1972
Zievares circulacing growth hermanc Raymond et al., 1974

during £xercine

Alters EEG Eu and Rusaz, 1973
Cutin and Kalzenelbogen, 1939

slteys mokabelln pachways Sohaste ot al., 1973
South and Coow, 19373

nepregses growth rate in wold Svlhreiner er al., L9962
A Ton: Rintret and Doethler, 1971

Souath and Cock, 1933
Maiz and Newltle, 1666

Altars VO s

Alters Na-K=Mp AlFoge sotivicy Eoehler acd Gozklilk, 1972
Petenclates apnele bradweardia Heoog et aZ., 1973
Oepresses embryugeaesisz Rolss and Weighe, 1948
Increasex &erul lagtic Ritter et al., L¥Y

debydragenase and merum
glutamic oxalasetic tramititase

made under normobaric and thermoneutral conditions are included, since
pressure per se reportedly exerts its own biological effects, which
are not thoroughly understood. The wide variety of effects and the
contradictions among effects reported make generalization impractical.

Rinfret and Doebbler (24) reviewed earlier reports of the effects
of helium substitution for nitrogen on tissue homogenates, tissue
slices, eggs, organs, embryos and whole organisms, using species
ranging from mold, bacteria, yeast, amphibians, and reptiles, to
small mammals and man. Helium had little effect on oxygen consumption,
€Oy production, anaerobic glycolysis, and glycolysis. Schreiner's
review included results of recent studies on the general biological
effects of the helium-xenon series elements (30). He drew generalizatioms
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concerning the depression effect of the helium—xenon series elements on
the growth rates of filamentous fungus {Neurospora crassa). There was

a linear correlation between the mycelial growth rate of Neurcspora
crassa and the square root of the molecular weipght of the gas (29).

He, Ne, N2, Ar, Kr, and Xe, in that order, corresponded to the increasing
growth rate depression of Neurospora crassa. This is also the exact
order of narcotic potency for these gases in man.

The effects of helium breathing on the resting heart rate have
also been studied. Repeated breathing of the air (25°C) and heliox
(35°C) caused repetitive and reversible changes in the resting heart
rate of unanesthetized rats. Helium breathing suppressed the resting
heart rate in the rat approximately 107 more than air breathing (13).
Helium breathing at 1 ATA depressed the resting heart rate in man
where it was already relatively high (8). 1In another series of experi-
ments, Lin and Kato (13) measured oxygen consumption and heart rate
simultaneously in unanesthetized rats, The rats' heart rate was
lower in heliox environments than in air environments at any given
level of oxygen consumption. This relationship had been reported
previously in the rat (23) and in men exercising in hyperbaric heliox
enviroonments, but the helium and pressure effects could not be
gseparated in this experiment {(27). The suppression of the resting
heart rate by heliox breathing can be attributed to a combination of
elevated vagal and depressed sympathetic activities, deduced from
autonomic nervous blockades.

Specific effects of helium on the cardiovascular system have
come to limited attention only in recent years. When anesthetized
dogs with acute left circumflex coronary artery occlusion were venti-
lated with gas containing helium (20~80%), the incidence of ventri-
cular fibrillation was drastically reduced (19). Fifty-four percent
of the dogs with coronary ligation developed ventricular fibrillation
while being wventilated with air, whereas only 0-87% of the dogs developed
ventricular fibrillation when ventilated with gas mixtures containing
20-80% helium. The same group of investigators showed that gas
mixtures containing 20% helium and oxygen sufficient to maintain
arterial POy greater than 140 mmHg were most effective in preventing
ventricular fibrillation following corecnary ligation (20)., Based on
flow measurements {(20) and collateral studies (19), they postulated
that the effect could be mediated by improved blood supply to the
myocardium distal to the ligation. They suggested that the reduced
fibrillatory incidence resulted from improved diffusion and rapid
establishment of collateral circulation in the presence of helium in
the respiratory medium.

Raymond et al. (21) showed that helium protects agaimst cardiac
fibrillation induced by acute coronary ischemia in a group of
anesthetized dogs whose ventilation and body temperature were controlled.
There were no differences in arterial P02, PCOZ, pH, mean arterial
blood pressure, or the responsiveness of the cardiovascular system
to exogenous epinephrine between the dogs ventilated with Ny-0y (75-257%)
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and with He-0; (75-25%) mixtures. There were, however, two differences:
1) plasma potassium concentration was higher in the Ny group than in the
He group following coronary ligation; and 2) plasma catecholamine con-
centration tended to be lower in the He group than in the N2 group.

Varicus mechanisms of the antiarrhythmic effect of helium gas
during acute ischemia have been proposed: a) accelerated developument of
collateral circulation (19,20); b) depressed adrenergic activity
indicated by lowered circulating catecholamine (21); ¢} prevention of
elevated plasma potassium (21); d) increased minimal current required
(ventricular fibrillation threshold) to induce fibrillation (12};
and e) elevated arterial oxygen content (32).

Despite this evidence in support of the antiarrhythmic effect of
helium gas during acute ischemia, other contradictory results have
been reported. Holland et al. (7) could not reproduce the antiarrhythmic
effect of helium respiration. Helium breathing did not alter the course
of ouabain-induced arrhythmias in rats and mice, or epinephrine- and
deslanoside-induced arrhythmias in cats, nor did it alter the outcome
of coronary ligation in cats which developed ventricular fibrillation
within 7 min following coronary ligation (16). Unpublished data from
our laboratory support the results of Holland et al. (7) and Toltzis
et al. (33} which showed the possibility of develeoping fibrillactien
following occlusion of left circumflex coronary artery (LCCA) to be
only 12.5% (1 out of 8 dogs); Holland et al. reported a 9% possibilicy
(2 out of 22 degs), and only 5% (1 out of 19 dogs) using the closed-
chest preparation (33). This contrasts with a 50% possibility
roported by Pifarre et al. (19,20) and Raymond et al. (21). Our data
also agrees with that of Holland et al. (7) that helium breathing did
not reduce the frequency of arrhythmias in those dogs which did net
go into fibrillation as a result of LCCA ligation. We found that
arrhythmic activity subsided spontanecusly one hour after the cecclusion
while under air ventilation. This feature makes it difficult to make
conclusions regarding the efficacy of helium gas as an antiarrhythmic
agent.

Thege apparently conflicting results may be due to the inappro-
priateness of models employed. There are inherent difficulties in
the investigation of antiarrhythmic effects when one employs a model
in which: 1) the level of arrhythmic activity is not reproducible
from animal to animal; 2) arrhythmic activity varies with time in an
unpredictable manner; 3) the induced arrhythmias are irreversible
regardless of the antiarrhythmic agents or procedures used; and 4)
the frequency of induced fibrillation following LCCA ligation is too
low. Other models should be explored to test the efficacy of helium
gas as an antiarrhythmic agent. Two such possibilities are: 1) 24-hr
moniteoring of subjects who display spontaneous arrhythmias while the
inspiratory gas is altered periodically without their knowledge; and
2) a model in which major factors affecting the performance of the
heart can be controlled and the only uncontrolled variable is arrhythmia.
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This study was conducted according to the Langendorff technique,
and used isolated perfused rat hearts to study: 1) the performance of
the heart under constant preload, as affected by the presence of Np or
He in the perfusate; 2) the recovery of the rhythm of the heart from
total cessation of coronary flow for prolonged durations; and 3) the
coronary flow under a constant perfusion pressure, and hence the
coronary resistance of the coronary circulation as affected by the
presence of Ny or He in the perfusate.

Method and Materials

Eighteen male Wistar rats (average weight 434 + 19 gm) were
stunned by a blow to the head. The hearts and sortas were excised
and placed in a 4°C Kreb-Henseleit solution (K-H solution}. Each aorta
was attached to a metal cannula and thea coronary vessels were cleared
with cold K-H solution immediately following the attachment of the
cannula. The heart was then connected to the Anderson Perfusion
Apparatus (Metro Scientific, Inc.). Perfusion temperature was main-
tained at 30 i_O.SOC by a constant temperature circulating water bath
{Haake, FK~10). A thermistor was localed near the perfusate entering
the heart, and the temperature was monitored using a digital tele-
thermometer {United System Corp.). Contractile force was recorded
isometrically under 0.5-g prelcoad tension by using a Grass FT 0.03
force displacement transducer (Grass Instruments, Inc.). The electro-
cardiogram was obtained by a fine platinum electrode located at the apex
of the heart with the other electrode attached to the metal acortic
cannula. All recordings were made on a Beckman type-R recorder.
Perfusion pressure was maintained at 90 cmH2( and the coronary flow
was obtained by timed coilection of the effluent from the heart.

The physiological solution used in all experiments was Kreb—-
Henseleit solution with the following composition in mM/liter: NaCl,
118.4; KCl, 4.7; CaCly, L.9; MgSO,, 0.62; KH,PO4, 1.6; NaHCO3, 25;
and glucose, 11; all in distilled water. Three mixtures of gas were
employed for saturation with the perfusate: 1) 95% 07 and 5% CO»
{control group); 2) 50% 02, 45% Ny, and 5% CO» (N2 group); and 3) 50%
09, 45% He, and 5% CO2 (He group). Each experiment made use of one
heart and one gas composition only. The sequence of gas mixture used
was random.

Measurements. Forty-five minutes were allowed for equilibration
following the onset of perfusion, after which the fellowing measure-
ments were made at 15-min intervals: heart rate (fy); coronary flow
rate (Q); contractile force (F), time-to-peak tension (TTPT, measured
from R-wave of EKG record to maximum force developed); maximal rates
of force development (+dF/dt) and relaxation (-dF/dt); time-tension
integral (ITI/beat, measured by determining the area under the time-
tension curve for each heart beat with a planimeter), and a power
index (TTI/min, i.e., fp x TTI/beat). The entire experiment lasted
3 hr.
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Antiarrhythmic activity. Upon completion of this experiment, the
perfusate was turned off for 20-30 min and then the flow was re-established.
In 8 experiments (5 from the control group, 2 from the Ny group, and 1
from the He group), flow was turned off for 30 min. In 10 experiments
(1 from the control group, 4 from the N2 group, and 5 from the He group),
the perfusion was stopped for 20 min. At the end of this predetermined
period, the flow was re-established and the rhythmicity and mechanical
activity of the heart were recorded.

Results

Oxygen contents of the perfusates which were equilibrated with
50% 05 (He or Ns mixture) were 1.5 vol¥%, which is roughly one half
that of a 95% oxygen equilibrated solution. Therefore, our results
would only be suitable for comparison with results of experimental
groups which used 50% 0, mixtures where the only difference was the
species of inert gas, i.e., helium as compared to nitrogen. The
95% 09-5%Z CO0» mixture was used to compare the performance of the
heart in the present study with results reported in the literature.
The maximal value of developed force in the control group was 3,26 +
0.48 g of force/g of wet ventricle (Table TIID-2), which compared
favorably with the literature.
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Maximal developed tension (Fpyy) was reached 45 min after the onset
of perfusion in all three groups, after which the F declined. Maximal
values of performance indices are listed in Table TITID-2. Heart rate
was not statistically different at this time, although the mean values
of fy, in the Np group were lower than those in the He group
(0.2 > P » 0.1). Coronary flow was also not statistically different
between the two groups. The hearts in the He group performed better
than those in the Ny group in terms of Fp,, (P < $.05), +df/dt
(P < 0.01), -dF/dt (2 < 0.01), TTT/beat (P < 0.01), and TTI/min
(B < 0.01). TTI indicates the average tension exerted by the heart
over the duration of the cardiac cycle which has no unit of work but
is an indicator of work. Similarly, TTI/min is an indicator of power.

Performance of the hearts in all three groups declined after the
maximal tension developed (Figs., IIID-1,2). The time designated as
0 was 45 min after the beginning of perfusion. Hearts in the control
and He groups maintained their rates throughout the 3-hr experimental
period, but the heart rate in the No group declined steadily, and
was lower than in the He group 90 min after the start of perfusion.
Coronary flow in the He group was maintained at 4.4-4.6 ml/min/g of
ventricle throughout the entire course of all 6 experiments, while
that in the Ny and controel groups declined rapidly. Contractile
force in the He group was consistently higher than either the control
or No group. Time-tension integral per minute, an index of rate of
work (power) remained higher in the control and He groups than in the
N2 group at all times (Fig. IIID-1).
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Fig. I1ID-1. Heart rate, coronary flow, contractile force,
and power index of isolated hearts perfused with 95% 0p-5%
COp (o), 50% 02-45% He-57 CO» (A), and 50% 09-45% N»-5% COp
(), equilibrated Kreb-Henseleit solution at 30 + 0.5°C.
Time 0 is 45 min after start of perfusion. Vertical bars
indicate + 1 SE.
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Fig. I11D-2. Maximal rates of force development and relaxa-
tion, time-tension integral, and time-tc-peak tension of
isolated hearts perfused with 95% 0,-5% CO» (o), 50% 05—
45% He-5% COp (M), and 50% 0p-457% N,-5% COp (@), equili-
brated Kreb-Henseleit solution at 30 + 0.5°C. Time 0 is
45 min after start of perfusion. Vertical bars indicate
+ 1 SE.

Maximal rate of force development remained high, approximately
180 g/s in both the He and control groups throughout the experiment,
but declined drastically in the Ny group. Maximal rate of force
relaxation declined In all three groups, but in the He and control
groups it was consistently higher than in the N2 group. The time-
tension intepral deelined steadily in all chree groups throughout
the experimental period, with the He group exhibiting the highest
and the Ny group the lowest TTI. The time it took to reach peak
rension was much greater in the Ny group than in eirher the He or
the control group (Fig. IIID-2).

Coronary flow resistance was calculated by dividing perfusion
pressure (66 mmHg) by flow rate in ml/min. At time 0 (45 min
after the Isolation of the heart), resistance was 12.3, 10.1, and
9.1 mmHg/wl/min for the control, He, and N, groups, respectively.
Two hours later, resistance was 29% and 54% higher in the control
and Ny groups than their respective rime 0 values, while resistance
in the He group remained wvirtually unchanged (Table IIID-2).

With re-establishment of the coronary flow after 20 min of total
cessation, the control heart and 3 of the 5 hearts in the He group
displayed a rhythmic electrocardiogram and contractile activity. The
rest of the hearts (2 from the He group and all 4 from the Ny group)
went into fibrillation within 2 min after the flow Wwas restored. All
hearts went into fibrillation following the re-establishment of
coronary flow after 30 min of total cessation of flow.
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Discussion

Interest in the biological effects of helium gas has been renewed
by the discovery, (18) confirmation, (19,20,21,32) and denial (7,16)
of antiarrhythmic and/or antifibrillatory effects in the anesthetized
dog breathing a gas mixture containing proportions of helium ranging
from 20-80%. Pifarre and his associates proposed that the observed
beneficial effect of helium in the coronary-artery-ligated anesthetized
dog may be related to the increased collateral circulation using
Schlesinger mass and coronary sinus blood flow measurements (19,20).
However, Raymond et al., (21) could not reproduce the increased col-
lateral circulation by Schlesinger mass and india ink injections
They suggested that the alteration in autonomic nervous activities
may be linked to the antiarrhythmic activities of helium. Lin and
Kato (13) reported that respiration of an 807 helium-20% oxygen mixture
depressed the heart rate (fy) of unanesthetized rats, the fp in rats
breathing a helium-oxygen mixture being lower than in rats breathing
air at any given rate of oxygen consumption. These experimental
observations suggest that helium has a direct effect con the myocardium
and/or the vasculature in the myccardium. Whether other He effects
reported in the literature (Table 1IID-1) have any relation to the
observed improved performance and rhythmicity of the heart remains
to be seen. ©Qur findings indicate that:

1) Helium gas in the perfusate improves the mechanical performance
of the isolated perfused rat heart, as indicated by a higher rate of
force development (+dF/dt) and relaxation {(-dF/dt), higher maximal
force, higher indices of work (TTI/beat} and of power (TII/min), and
faster attainment of peak tension during systole. With a constant
preload, the single most sensitive indicator of contractility is max
dF/dt (17). The contractility of hearts in the He group was equal
to that in the control group, while hearts in the N2 group were
depressed (Fig. IIID-2). The mechanism by which helium gas improves
myocardial contractility as compared to N? gas remains unresolved.

But we know that at time 0, (Table TITITD-2, Fig. I1TID-1,2) improved
contractility in the He group was not due to the difference in
coronary flow rate or the frequency of contractiens. Pifarre et al.
(19) reported that 2 hr after oceclusion of the coronary artery, the
color of the infarcted area was noticeably pinker in the He group

than in the N9 group. They speculated that oxygen diffused better

in the presence of He. There is still ne evidence that diffusion of
0y in solution is facilitated in the presence of the gas, although
there is evidence that 07 diffusion is facilitated in the gas

phase (26,34). Alternatively, the facilitated diffusion may be
secondary to the opening of collateral anastomoses which they observed
directly using Schlesinger mass. They also concluded that coronary
collateral anastomoses developed faster when helium was administered.
The capillary endothelium may also be altered te facilitate 02 dif-
fusion. Ritter et al. (25) reported that helium breathing causes a
significant increase in serum lactic dehydrogenase and serum glutramic
oxalacetic transaminase, a phenomenon asscciated with leaky membranes,
implicating invelvement of the membrane mechanism.
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2) Improved contractility cof hearts in the He group over those in
the Np group for a prolonged period after isolation may be related to
the higher coronary flow which was found in the He group, indicating a
greater avallability of oxygen in this group (Fig. IIID-1). Resistance
to coronary flow rose steadily in the Ny group. By the end of the
experiment, values of resistance in the Ny group increased by more than
50% over those at time , while resistance in the He group was
unchanged. Pifarre et al. (20) had reported that the coronary flow of
dogs breathing a helium-oxygen mixture returned te or surpassed the
pre-occlusion level. Coronary flow level in the N» group also
recovered, but to a lesser degree. They attributed these results to
the effect of He gas on increases in coronary collateral circulation.
Qur results support this conclusion. The mechanism by which helium
gas opens up the previously closed capillary is unknown. An alterna-
tive to this is that edema may develop in the hearts of the N2 group
during the course of each 3-hr run, compressing the cardiac capillaries
and increasing resistance to flow (Table IIID-2). Helium may prevent
the formation of edema. However, in experiments conducted under
conditions similar to the ones we have described, no significant dif-
ferences in ventricular water content (% wet wt) were observed among
the hearts perfused with the three gas mixtures. This does not
preclude the possibility of a difference in intravascular volume
among the three groups.

3) The antifibrillatory activity of helium gas was demonstrated by
the prevention of fibrillation in 60% of the He group hearts when
coronary flow was re-—-established after the 20-min cessation peried.
All hearts which had been perfused with the Njp-saturated solution went
into fibrillation after the flow was re-established after 20-min ces-
saticn. In the 30-min flow-stop experiments, all hearts ended in
fibrillation within 2 min of restoration of flow regardless of what
inert gases were present in the perfusate. However, it would be
errcneous to conclude that He gas exerts no antifibrillatory effect
in this type of experiment. An irreversible model (such as 30 min of
zero flow, severe ouabain texicity, and cardiac ischemia of major
proportion), regardless of whatever agents or procedures are used, is
not a valid model to indicate a negative result with certainty (see
Introduction).

Summary

The biological effects of helium on the isolated male Wistar rat
heart was studied using the Langendorff technique. 1In each heart
experiment, the Kreb-Henseleit perfusate was saturated with one of
three gas mixtures at 30 + 0.5°C: 1) 95% 0,-5% CO,; 2) 50% 0p-45% He-
5% CO2; and 3) 50% 0p-45% Ng-5% COp. Heart rate %fh), coronary flow
rate (Q), contractile force (F), time-to-peak tension {(TTIPT), time-
tension integral (TTI/beat and TTI/min), and the maximum rates of
force development (+dF/dt max) and relaxation (-dF/dt max) were
measured or calculated. Contractile performance of hearts perfused
with the helium mixture was equivalent to that of hearts perfused

ITI-96



with the 95% 0,-5% CO2 mixture, and the hearts exhibited activities
superior to nitrogen-mixture-perfused hearts in terms of fy, Q, F,
TTPT, TTI, and + dF/dt max during the entire 3-hr period of perfusion.
Hearts maintained on the helium-saturated solution had significantly
higher coronary flow rates than hearts perfused with the nitrogen
equilibrated mixture, indicating a greater availability of oxygen.

Helium therefore exerts a direct effect on the coronary vascula-
ture, reducing its resistance to flow and improving the delivery of
oxygen to the myocardium; this accounts for the improved myocardial
performance. All hearts (4/4) perfused with the nitrogen equilibrared
solution went into fibrillation within 2 min following restoratiocn of
coronary flow after 20 min of total cessation, whereas only 40% (2/5)
of the hearts perfused with the helium-equilibrated solution went into
fibrillation. Antiarrhythmic activity of helium gas is implicated.
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CHAIRMAN'S SUMMARY: HERMANN RAHN

One common thread emerges from these various papers: the effects of
a2 helium atmosphere on physical and biological processes, and the pos-
sible implication of these when man is expesed te a helium atmosphere
at pressures greater than one atmosphere.

Paganelli's presentation sought to define the role of the diffusion
of water vapor in man's insensible water loss when exposed to high
pressures in a helium atmosphere., If the diffusion process is am
important factor, there should be significantly reduced insensible
water loss, because according to kinetic theory the binary diffusion
coefficient for water vaper is inversely propertional to the absolute
pressure. For the first time Paganelli measured the diffusion coef-
ficient in helium at various pressures up to 50 atm and found that the
inverse law begins to deviate from the ideal above 4 atm. When oxygen
is present in the helium atmosphere, binary diffusion laws no longer
apply and the deviaticn from kinetic theory is considerably greater.

By using the increased diffusion coefficient of oxygen in helium
over that in nitrogen, Van Liew made continuous measurements of arterial
POy in the dog to show that the oxygen delivery to the alveolus was
reduced due to axial diffusicn in the airways, but enhanced once oxygen
was in the alveolar space. According to this interpretation an
increase in pressure and consequent reduction in the diffusion coef-
ficient would reduce axial diffusion loss of oxygen. Such a role for
axial diffusion within the airway upon oxygen delivery to the alveolar
space is of particular interest in loocking at the problems of oxygen
delivery during exercise when helium is breathed.

Moore tested 10 subjects breathing air and heliox at various work
loads. At the 200-kpm load during a 20-minute stint, subjects were
switched at five-minute intervals from one to the other mixture, including
normoxic argon gas. While breathing helium their ventilation and
heart rates were slightly higher, as were their C02 outputs, compared
to those breathing air. However, the oxygen uptake was significantly
reduced with helium, 1.3 liter/min compared to 2.2 liter/min on air
and 2.6 liter/min on a normexic argon mixture. Since we presumably
have steady states throughout the 20-minute work span, it is difficulc
to account for the large reduction in oxygen consumption asscciated with
a respiratory quotient slightly over 2.0 during the helium exposure.

Lin's presentation deals with another most interesting helium effect,
namely, the presence of helium versus nitrogen gas in the perfusion
fluid supplied to the isolated rat heart, employing the Langendorff
technique. In one case the perfusion fluid was saturated with a 45% He,
50% 02, 5% CO2 gas mixture; in the other case the 45% He was exchanged
for Np. Hearts perfused with the helium-saturated solution had signifi-
cantly higher coronary flow rates and performed better as judged by
contractile force, time-to-peak tension, and maximum rate of force
development than did hearts perfused with the Ny gas. These observations
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suggest that there is a direct effect of helium on the coronary vascula-
ture. Whether this can be explained by an unknown pharmacological
action or is somehow associated with an increased cxygen diffusion
within the aqueous phase is difficult to judge, because classical con-
cepts offer little basis for e¢ither explanation.
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SESSION IV: SATURATION DIVING

A. ENERGY BALANCE: PAUL WEBB

This paper concerns energy balance in the nutritional rather
than the thermal sense, and describes the caloric exchange of men
during saturation diving. A striking observation has been made that
men lose weight during these dives despite adequate-to-high foed
intake; this was noticed during the first human saturation dive,
Genesis E (G. Bond, personal communication). I have written on this
topic before (5,6). I have now been able to find descriptions of 15
saturation dives where body weight was measured, and in all but one,
loss of weight occurred despite food intakes ranging from 2500 to
6000 kcal/day. The cne exception which showed neither loss nor gain
of weight was a relatively shallow, 200-foot equivalent dry dive for
seven days.

Why do men living for days under hyperbaric conditions lose
weipght? Does the environment cause a large increase in metabolic
expenditure, as signalled by increased oxygen consumption rate (VOp)?
A number of measurements of resting VO have shown only a small
increase, e.g., Raymond et al. (1) and Salzano et al. (2), but a
more complete measurement of energy expenditure throughout a day's
activities might reveal the explanation. Do men fail to digest and
absorb the food they eat during saturation dives? Only a complete
caloric balance study would answer this question. A start was made
in the 1971 dive to 1200 feet equivalent at the University of
Pennsylvania, where we used conventional dietary techniques to
measure food calories eaten. An intake of just over 3500 kcal/day
was accompanied by a weight loss of 4 kg over 17 days, but there was
little, if any, increase in resting or exercise ﬁOz. This will be
a report of a more complete experiment, a thorough balance study
made during the 580-foot equivalent saturation dive called Hana Kai IT,
in Hawaii during March of 1975.

Loss of Body Weight in Saturation Diving. Let's lock at the
record of weight loss in saturation diving. Fig. IVA-1 shows weight
loss as a function of the exposure in 15 dives, including Hana Kai II.
Weight loss ranges from 0.0 to 4.0 kg. Pressure exposure is shown
as the multiple of the days at depth times the gauge pressure (not
ATA) of the dive in atmospheres. Thus, exposure 1 ATA is at 0
gauge pressure, and the product has to be 0.0 as well. That is,
indefinite exposure to sea—-level pressure does not, per se, relate
to weight loss. A regression line is shown on the figure for 13
of the points. Two dives, separated on the figure by encircled
points, had a significant cold pressure, which must have increased
the caloric drain, and hence increased weight loss significantly.
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The continuous nature of the loss of weight is illustrated in
Fig. IVA-2 by the weight losses recorded in two dives where the
subjects were weighed during the dive. The 1971 University of Pen-
nsylvania dive was deeper and caused more weight loss. The Univer-—
sity of Hawaii dive is the recent Hana Kai IT; it shows an early
loss of about 1.0 kg, regained during decompressicn. However,
although the average body weights in Hana Kai Il were the same after
the dive as before, the average total body water had increased by
0.8 kg; there had thus been a loss of substance to that degree.

Methodology in Hana Kai IT

The March 1975 saturation dive at the University of Hawaifi,
identified as Hana Kal II, placed five men at a pressure equivalent
to 580 fsw, or 18.6 ATA, for 17 days. The atmosphere was mainly
helium, with an oxygen partial pressure of about 210 mmHg, some nitrogen,
and small quantities of COy and water vapor. The temperature was
regulated at a warm comfort level of 31°C, except for three days when
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University of Hawaii's Hana Kai II project at 18.6 ATA,
and average weight losses for four men at the University
of Pennsylvania during a progressive dive ending with

6 days at 37 ATA (1200-foot equivalent).

it was kept at 27°C to produce an intentional cold exposure. The
subjects, all members of the Department of Physiclogy of the univer-
sity, carried out a full day's schedule of experimental and house-
keeping activities. Exercise was limited to occasional submaximal
bouts and two maximal efforts on a bicycle ergometer.

The entire experiment involved 30 days in the hyperbaric habitat
with rigorous control of activity, food intake, and waste cellection.
The general outline of the experimental conditions was:

Dive days 1 - 3 Sea-level contrel
Dive day 4 Pressurization
Dive days 5 - 16 18.6 ATA, 31°C
Dive days 17-19 18.6 ATA, 27°C
Dive day 20 18.6 ATA, 31°C
Dive days 21 - 27 Decompression
Dive days 28-30 Sea—level control
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Thus, the pressure exposure was 282 atmosphere-days, which omits
compression and decompression days, since they were omitted in the
other dive data used in compiling Fig. IVA-1.

The specific measurements for the energy balance study included
body weight and composition, total body water, calories in food,
calories in waste, and energy expenditure.

Body weight was measured each morning between 0600 and 0700 hours,
before the subiect had eaten but after voiding of urine.

Body composition, to give a value for the weight of body fat,
was calculated from measurements of body density from underwater
weighing. This was done the day before and the day after the experi-
ment. To make the estimate more precise, tctal body water was measured
on dive days 1 and 30. Also, as qualitative indicators of changes
in the subcutanecous fat layer, skinfolds at nine sites and the circum-
ferences of the chest and abdomen were measured daily.

Total body water was measured by deuterium oxide dilution, using
a procedure like that of Wang et al. (3). In addition to the pre-
dive and postdive measurements on days 1 and 30, total body water
was measured at mid-dive on day 13.

Calories in food were determined by oxygen bomb calorimetry.
Each man's intake of each food item was known from the weight of
food sent into the chamber, less his plate waste. Calorimetry of
food items is still in progress at the Naval Medical Research Insti-
tute (NMRI}, but we have data for the six days of sea-level control,
the three days of 18.6 ATA at 27°C, and six of the twelve days of
18.6 ATA at 31°C.

Calories in waste were determined from collections of all urine
and all feces. Urine calories are not yet available from NMRI, but
all the fecal calories are available for calculation. A preliminary
estimate of urine calecries was used in the analysis te follow.

Energy expenditure was calculated from measured oxygen consump-
tion (and €07 production} using a specially developed apparatus for
long-term monitcring. It was an open-circuit method similar to the
ventilated-hood technique, and emploved a lightweight plastic face-
piece and calibrated blower, similar to those of the metabolic rate
monitor of Webb and Troutman (7). A fixed volume rate of 80 liters/
min of chamber gas was drawn over the wearer's face, from which he
breathed in and cut., Continuous samples of the chamber gas and
mixed exhaled and chambher gas from above and below the man were
led cutside the chamber and inte sensitive differential gas analyzers
for measuring the changes in POz_and PCOZ. From these data and the
gas flow, continuous values for V0p and VCO were computed electroni-
cally. These values were totalized electronically for sequential
10-minute periods, and the 10-minute totals printed out. Four of

1v-106



the five subjects took turns wesring this apparatus for 24 hours a
day throughout the experiment, except for the days of pressurization
and decompression. During the 21 days the apparatus was used, 1500
ten-minute periods were measured, for a 61%Z coverage of the possible
time available. These extensive data were used to calculate the
energy expendifure in kecal/day, using the simplified method of

Weir (4) to convert VO, totals.

Energy Balance Calculations. From the data available at this time,
we have calculated the energy terms for the three major experimental
periods: six days of sea-level control; 12 days at 18.6 ATA, warm
(31°C); and 3 days at 18.6 ATA, cold (27°C). Average values for the
five men are shown in Table IVA-1.

Table IVA-1. Average daily energy values in major dive
periods for 5 subjects

Body Fat
Energy Food Fecal Urine expended
expenditure, intake, loss, loss, (stored),
keal keal kcal kcal kcal
Sea-level
control 2170 3586 =220 =125 (-40)
18.6 ATA,
warm 2507 3341 =205 =125 392
18.6 ATA,
cold 2972 3827 -208 ~125 520

By convention, one expects the net intake to match the encrgy
expenditure in periods lasting this long, and for this many subjects.
In our data, it does not. Net intake is the calories in food, less
the waste in urine and feces, plus {or minus) the fuel drawn from
(or added to) fat stores. The inequality is shown graphically in
Fig. IVA-3.

A number of things are evident from Fig. IVA-3 and Table IVA-1.
First, food intake (allowed on a free-choice, unlimited basis) was
high throughout the experiment, even during the sea-level control
periods. We cannot ascribe this to hyperbaric conditions alomne.
Second, the energy expenditure rose with the hyperbaric condition
alone, by about 15%, and rose again from the combination of 18.6 ATA
and cold. But under none of the experimental conditiens did energy
expenditure match the high food intake. At the same time, the
five men, on the average, lost a little weight over the 30 days.

In fact, three men lost body fat, one stayed the same, and one gained
a little. Third, the absorption of food was & normal 90% of food
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Fig. IVA-3. Average daily net intakes (food minus urinary
and fecal waste, plus or minus fuel from fat stores) and
energy expediitures for five men during major periods of
Hana Kai II. There were 6 days of sea-level (S.L.) con-
trol, 12 of 18.6 ATA at 31°C (warm), and 3 of 18.6 ATA

at 27°C {(ceold).

intake, under all conditions of the experiment, Fourth, the mis-—
match between net intake and expenditure is constant and striking.
This warrants further discussion.

In all three major conditicns of the experiment there appeared
an excess of intake over expenditure of roughly 1000 kcal/man each
day. Such an excess of intake should have caused storage of body
fat. If our preliminary calculations are correct {we are still
missing data on nitrogen balance, and thus we cannot use R.Q. cor-
rections and we cannot estimate tissue loss), and further, if the
19 days of caloric balance data represent the whole 30 days,
then the amount of fat storage which should have occurred can be
estimated. One thousand kcal per day for 30 days is a storage of
30,000 kcal/kg/man, which means, assuming adipose tissue contains
about 7000 kcal/kg, that each man should have gained about 4.3 kg.
We know they did not.

It would appear that there is something wrong with the conven-
tional assumption that intake and expenditure, as usually measured,
should balance out over many days for several subjects. The situa-
tion here is something like luxus consumption, in which an excessively
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high intake, In relation to the subject's activity, does not cause
as much weight gain as expected. There has never, in my opiniecn,
been an adequate experimental explanation cf this, although investi-
gators have postulated that a high-energy expenditure must accompany
an excess Intake.

A similar but opposite situation is beginning to appear in some
as yet unpublished work in my own laboratery. In these studies,
direct calorimetry and energy expenditure do not provide 24-hour
matches, yet there is no body heat sterage. When men undereat in
relation to their energy expenditure, the mismatch of that expendi-
ture is higher than the sum of all the measured losses of heatr and
work, which, one step removed, is like the bar graphs of Fig. IVA-3
in reversce.

We are beginning to think that entropy plays a significant role
in metabelism, and that this unmeasurable quantity, entropy, is the
missing 1000 kcal/man each day in the Hana Kai IT data. More exten-
sive and more rigorous experiments will be needed in the laboratory
to resolve this. Perhaps by the time another saturation dive is
planned to include an energy balance study, we will be able to devise
an appropriate ecxpetrimental design to test the entropy hypothesis
in hyperbaric conditions.

Summary

During saturation diving, men lose weight despite an adegquate-
to-high intake of food. A complete caloric balance study was under-
taken to define the energetics of hyperbaric living. During the
Hana Kai II saturation dive to 18.6 ATA [or 16 days, we measured
dnily body weight on five men, their total daily food intake, and
we collected all urine and feces. Change in body fat was estimated
from body density and total body water before and after the dive.
Calorics in food and waste were determined from oxygen bomb calori-
metry. In addition, enerpy expenditure was calculated from Z4-hr
monitoring of oxygen consumption on four of the men. Results
showed that food intake was high, about 3500 kcal/day; food absorp-
tion was a normal 90% of intake, and energy expenditure, while
elevated by 15% over sea-level control, was about 1000 kcal/man per
day less than net food intake. The five men lost an average of
0.8 kg of body fat in the 30 days of the experiment. The discrepancy
betwecen intake and expenditure is thought to be due te entropy.
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B. CARDIOVASCULAR FUNCTIONS DURING SATURATION DIVING: RICHARD M., SMITH

In 1936 Shilling, Hawkins, and Hansen (32} described a reduction
in pulse rate with increased barometric pressure which they attri-
buted to the increased pressure of oxygen. Since then most human
studies in the hyperbaric field have confirmed the existence of a
"hyperbaric bradycardia'" (15), but the underlying mechanism(s) and
gsignificance of this response remain obscure.

Effect of Hyperoxia. Since hyperbaric atmospheres are generally
hyperoxic (0.3 to 0.4 ATA 02), the original suggestion (32) of an
effect of high PO» would seem to have merit, particularly when
combined with exercise, because hypercxia is known to reduce heart
rate (HR)} for a given submaximal work load both at 1 ATA (4) and
at increased ambient pressure (3). However, HR during tests of
VO2mayx at 580 ft He-02 was significantly lower by 8 beats/min
during both hyperoxia and normoxia.® Thus, a hyperoxic effect
may not be present at all levels of work. Moreover, resting HR
in men at increased pressures is generally decreased by about
15% (15) while, by contrast, breathing pure oxygen at 1 ATA
generally produces little if any decrease in the resting HR (6).

Fagraecus {(9) has addressed this question of the effect of high
PO2 and succeeded in showing an cxygen-dependent reduction of HR
at depth which he ascribed largely to a direct cardiac effect
with a smaller component mediated via the vagus nerve. However,
an important component of the bradycardia was unaffected by POy
or atropine and this component cculd be reduced but not abolished
by propranclol. Thus, it appears that while there may be a hyper-
oxic effect on HR it camnot be the sole explanation for the
hyperbaric bradycardia, particularly at rest and during maximal
exercise.

Pressure and Increased Gas Density. Strong evidence against
hyperoxia as a sole cause of hyperbaric bradycardia was recently
obtained by Flynn, Berghage, and Coil (8) who used a variety of
pressures and normoxic gas mixtures of various densities to
demonstrate the separate contributicns of gas density and pres-—
sure to normoxic hyperbaric bradycardia. During exercise,
pressure and density already appeared to exert their maximum
effect at about 10 ATA. At depths greater than 300 fsw the
exercise bradycardia appeared to be independent of both pressure
and gas density. The apparently independent effects of gas density
and pressure cauld not be explained, although the possibility cof a

*R. H. Dressendorfer, §. K. Hong, J. F. Morlock, J. Pegg,
B. Respicio, R. M. Smith, and C. Yelverton. Hana Kai IT: a 17=-day
dry saturation dive at 18.6 ATA. V. Maximal oxygen uptake. Undersea
Biomed. Res. (in preparation).
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helium effect on the pressure component was mentioned.* Flynn et al.
further suggested that the effect of gas density was mediated by

the associated increase in airway resistance. They proposed that

an increased tidal volume (VT) at depth may activate thoracic
stretch receptors, leading to bradyecardia. The exact nature of

this reflex was not discussed.

Albano (1) has suggested that abdeminal gas compression at
depth caused a reduction of intra-abdominal pressure with abdominal
pooling of blood and activation of intra-abdominal stretch receptors.
The mechanism by which this hypothesized response causes bradycardia
ig not clear.

Cold. In addition to demenstrated effects of hyperoxia, gas
density, and perhaps pressure or inert gas on heart rate at depth,
Moore and Hong and associates (27,16) have suggested that a subtle
cold stress may be present in hyperbaric heliox envirenments (35)
which could contribute to the observed bradycardia. Cold,
especially on the face, is known to elicit both bradycardia and
peripheral vasoconstriction; the former but not the latter is
blocked by atropine {14). Though not always present, an increase
in resting blood pressure (BP) at depth has been reported in
several dives (24, unpublished observations). Moore et al. (27)
observed an attenuation of bradvcardia st a depth of 500 feet
when the ambient temperature was raised from 27.8° to 29°C. This
experiment is not decisive, however, since no control for rime at
depth was performed and the bradycardia might have disappeared
without a temperature change. Several studies show that brady-
cardia is attenuated and eventually disappears as a function of
time at depth (5,15,24, unpublished observations). This theory
holds that the cold-induced increase in total peripheral resis-—
tance (TPR) might lower the HR wvia the carotid sinus or perhaps
indirectly via central pooling of blood (11) and subsequent
increase in cardiac preload. A major difficulty with this theory
is that exposure to a cold 1-ATA environment may evoke an
increase in TPR without changing cardiac index or HR (21), and
habitat temperatures are often comfortably warm, particularly
during compression, when the bhradycardia is pronounced.

Finally, Hong et al. (16) reported an increased bradycardial
response to face immersion in 30°C water in the hyperbaric environ-
ment which was equivalent to the response seen in much colder
water (5-15°C) in 1 ATA air. Based on this evidence, the authors
suggested that facial cold receptors may respond differently to
a given thermal stimulus in a hyperbaric heliox envircnment,

*The effects of helium on the cardiovascular system are discussed
elsewhere in this symposium by Y. C. Lin and will not be pursued here.
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Multiple Factors. The existing litevature indicates that
hyperbaric bradycardia is complex; many factors contribute to brady-
cardia at depth, and no single factor adequately explains it. More-
cover, the various factors involved probably affect HR for different
reasons and differently during various activities. The different
effects of hyperoxia at rest and exercise are a case in point.
Another example is presented by Hong et al. (16}, who found that
resting HR was not atfected by pressure upon decompression, but
the 60-s breath-hold HR was lower at depth. This disputed result
(18) has recently been confirmed in four subjects during decompres-
gion from 580 ft (unpublished observations). In addition, changes
with time further complicate the problem. For example, the
reported attenuation and even disappearance of bradycardia with
time at depth may indicate an adaptation to saturation diving.
Clearly, our present knowledge of the significance and causes of
hyperbaric bradycardia is incomplete and will be improved by
further research.

The purpose of this paper is to present evidence which suggests
that altered respiration at depth may be responsible for the
density~dependent component of hyperbaric bradycardia. We propose
that a more negative intrathoracic pressure with increasing gas
density leads to an increased thoracic blood volume which contri-
butes not only to the bradycardia seen at depth, but also to
increased stroke volume and diuresis upon compression, which results
in possible dehydration. In addition, lack of evidence for an
important role of celd in hyperbaric bradycardia is presented.

Methods

Data were obtained from four subjects during a 17-day dry
saturation dive to 580 ft in the three-chambered habitat Aegir.
Complete methods and results from this 30-day experiment, code
named Hana Kai IT, will be published subsequently.

Thoracic impedance (Zp) between the base of the neck and the
xiphosternal joint was measured with a 4-electrode impedance
plethysmograph, described by Kubicek et al. (19). Except for
compression day, the electrodes were removed after each measure-—
ment. Changes in the distance between pick-up electrodes affect
Zy, and were compensated for by dividing Zp by the distance (length
in ¢m) between the electrodes., Cardiac stroke volume (SV) was
calculated by the method of Rubicek, except that the electrical
resistivity of blood used was 135 ohm cm. The method proposed
by Kubicek et al. to calculate SV was calibrated using a modified
single-breath nitrous oxide method (20). Agreement between the
two methods was excellent in the four divers when they were secated
erect in a body plethysmograph. Linear regression of N30 stroke
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volume (N20SV) versus impedance stroke volume (Z5V) yilelded the
following relationship, + SD

7SV = 0.98 (+ 2.2) N20SV + 3.1 (+ 23.3); r = 0.95.

Associated with very low HR's in two subjects were stroke volumes
exceeding 180 wl/beat, causing the mean SV's reported here to be
unusually large.

Thoracic impedance at fixed lung gas volume was used to esti-
mate changes in thoracic conductive volume following the method of
Schaefer et al. (31), except that blood resistivity was agaln taken
to be 135 ohm cm. Impedance data were obtained between 1100 and
1230 hours, according to the following schedule: dive days (DD)

2,3 (predive 1-ATA control); DD4 (compression), DD5 (first day at
580 ft), DDL5,16 (580 ft, comfortable temperature (Ta = 30-31°C}),
DD19 (580 ft, cold (Ta = 27-28°C)), DD29,30 (postdive 1-ATA control).

Results

Thoracic Impedance. Average results of the thoracic impedance
measured at three lung velumes in three postures are shown in
Fig. IVB-1. The most impertant observation is a fall in Zj {top)
on DD4 during compression irrespective of posture or lung volume
(values on abcissa (DD4) are approximate depths in feet). Since
the electrodes remained on the chest during DD4, the distance
between the pick-up electrodes did not change, hence the Zn/L
curve (middle) faithfully follows the Zg curve. If the equation
for calculating thoracic conductive volume {TCV) has merit, an
extra 150 ml of blood was present in the thorax during compressicn
when subjects were seated erect aL 350 ft. The increase while
lying supine was nearly twice this volume. Or the first day at
580 ft (DD5), the seated TCV generally decreased to below control
values, while the supine TCV appeared to return to the predive
value., However, there was a tendency for Zo/L to remain lower
than the predive value. Thus, I suspect that the TCV was still
increased on DDS despite the diuresis.

After 11 days at 580 ft, Zp was sharply increased, but Zp/L
changed little between DD5 and DD16. Yet calculated TCV is maxi-
mal on DD1l6, probably because of the influence of an increased L
on calculated TCV (Fig. IVB-1). I believe this weakness in the
equation for calculating TCV places all relative changes in TCV
in doubt, except those occurring during compression where L was
not changed. However, Zg/L at fixed lung volume is probably a
reliable index of changes in thoracic blood volume {19,29) even
when the circumferential band electrodes are not positioned in
exactly the same place on repetitive measurements. There was a
tendency for Zg/L to increase in the cold (DD19) indicating a
reduction in thoracic blood volume. This cold stress was suffi-
cient to cause shivering with an increase in V02 of about
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{2

100 ml/min (STPD). Postdive (DD29) Zo/L returned to predive values
when subjects were seated erect but tended to be lower than predive
values when they were in the supine position, particularly at low lung
volumes (Fig. IVB-1), possibly indicating an increased postdive
thoracic blood capacitance.
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Figure IVB-2 shows that as TCV peaked during compression at
350 ft, urine flow also was increasing markedly, It is tempting to
speculate that the increased urine flow tended to restore the TCV
towards normal (10,12,33), possibly leading to relative dehydration
elsewhere in the body. Signs of mild systemic dehydration were
evident during the first 3 days at pressure (15). 1Increased urine
flow persisted overnight (DD4) and by mid-morning of the first day
at 580 ft, the TCV was apparently restored to normal (Fig. IVB-2),
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but Fig. IVB-1 shows that Z,/L was still lower than the predive value.
During 11 days at pressure the TCV seemed to increase again (Zg/L
data from supine subjects agree with this interpretation)} indicating
that a high thoracic blood volume may be a petrsistent phenomenon at
depth. The supine HR had returned to normal by DD16, but seated HR
was still depressed after 11 days at 580 ft. 1In general, the cardiac
SV changed inversely with HR and was significantly inecreased at depth.
Overall, the SV increase was larger than the HR decrease so that
cardiac output (CO) was slightly increased at depth (5).

Effects of Cold. Interestingly, steady-state cold stress (DD17-
19) caused an increase in HR with little change or a decrease in
TCV (Fig. IVB-1) supggesting that the bradycardia and expanded thoracic
blood volume at depth were not the result of cold-induced peripheral
vasoconstriction,

The possibility of altered thermoreception {16) in He-0p was
tested in the following experiment (Table IVB-1). We obtained face

Table IVB-1. Effects of changing ambient temperature {Ta,
OC) in 1 ATA air and 18.6 ATA He-0s on maximal change in
HR due teo face immersicon (FI) in 27°9C water, compared to
60~s sham FI.

Air (1 ATA) HeOp (18.6 ATA)
HR . s beats/min
Tface T2 Tface Ta
0 30.6 20.4 30.6 27.8
1 31.6 22.6 31.7 29.2
2 32.6 24,7 32.8 30.5
3 33.6 26.6 33.8 31.8

temperature (Tfy0p) and the maximal difference in HR between sham
face immersion (FI} and 27°C FI after 4 hr in air temperatures from
159 to 28.59C, and compared these with values obtained at 1§.6 ATA
He-0». Results show a cleose agreement between & HR,, and Tgy.o at

1 and 18.6 ATA, in spite of much different Ta's in the two conditions.
Since A HRp,, with 279C FI is similar at sea level and at depth for a
given face temperature, I conclude that for these conditions the
thermoreceptors are behaving similarly.
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Finally, habitat Ta was uncomfortably warm during cocmpression
(DD4) when bradycardia was present and Zg/L was falling. Thus, it
appears that the increase in TCV and decrease in HR seen in this
study were not related to cold or teo altered thermoreception.

Discussion

Evaluation of Impedance Data. Conclusicns depend directly on
the ability of the impedance plethysmograph to detect changes in
thoracic blood velume adequately. No other instrument or technique
scans the same anatomical area, which makes direct calibration dif-
ficult or impossible. Nevertheless, changes of Zg with posture and
lung volume (Fig. IVB-1) indicate that the impedance signal contains
information. Sjoestrand (33) estimated that about 500 ml of blood
shifted to the thorax when subjects are supine compared to standing
erect. Thus, a calculated blood shift of 300 ml seated to lying
seems to be of the correct order of magnitude and lends credence to
the calculated shift of about 150 to 250 ml during compression when
L did not change.

Pomerantz et al. {29) using Kubicek's machine, demonstrated a
linear relationship between the amount of pleural effusion removed
by thoracentesis and an increase in Zg in 3 patients, with a slope
of 1 ohm/200 ml of effusion removed. Their figure shows that a
50-ml change was detectable over the 0-1300 ml range. These results
and other as yet unpublished observations lead me to believe that
impedance plethysmography is probably the most sensitive technique
available for detecting changes in thoracic fluid veolume. However,
caution should be exercised in interpreting the absolute thoracic
conductive volumes because this derived parameter is strongly
influenced by L, as mentioned, and also the electrical resistivity
of blood which was not measured in the present study. Additionally,
at low lung volumes the diaphragm moves into the measurement field
causing Zg to decrease. In this case the TCV is not a true reflec-
tion of the thoracic blood volume.

Finally, since the entire chest between the recording impedance
electrodes is scanned, it is impossible to lecate the precise intra-
thoracic site of the increased TCV. The limited data available
(33) suggest that an increase in thoracic blood volume is shared by
the lungs and heart in a 3:1 ratio, respectively. It would be
interesting to obtain measurements of cardiac chamber dimensions at
depth.

Altered Respiration at Depth. The cardiovascular and body fluid
consequences of altered respiration have been topics of importance
for some time (10,12,33). However, despite good evidence for an
altered breathing pattern in the hyperbaric environment, the cardio-
vascular sequalae of slower and deeper respiration at depth have
not been investigated.
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McIllroy et al. (26) showed that the typical adaptation to an
increased non-elastic breathing resistance included beoth a reduction
in respiratory frequency {(fy) and an increase in the end-expiratory
(FRC) 1lung volume. A given subject may not show both responses,
however, since there is an inverse relationship between the decrease
in fy and the increase in FRC. Two groups have now demonstrated a
300-400C ml increase in FRC at pressure (relative gas density about
4) (36, unpublished observations).

Maio and Farhi (23) have shown that a relative gas density of
4.0 caused an increased airway resistance leading to a three-fold
increase in the work of breathing and a reduction in maximal voluntary
ventilation (MYV) of about 40%. Zechman, Hall, and Hull (37) found that
the addition of a flow resistance {applied equally to inspiration
and expiration) which reduced MVV by 40%Z caused an increase in
the resting FRC in addition to the tidal volume (VT), confirming
the results of McTIllroy et al. This increase in the resting FRC
and tidal lung volumes must increase the passive recoll pressure
of the lungs, allowing expiration to remain largely a passive
process. Finally, added flow resistance (37) hardly changed the
time required to reach peak inspiratory flow while peak expiratory
flow, in addition to being lower in magnitude than inspiratory flow
rate, was delayed slightly in time (37). This adaptive pattern of
ventilation at depth increases VA relative to VE, minimizes the work
of breathing (28), and may prevent a further increase in expiratory
flow resistance due to dynamic¢ airway compression which occurs at
depth when expiration is active (13).

Intrathoracic Pressure and Blood Volume. Data above show that
most of the increased work of breathing at depth occurs during inspira-
tion, suggesting greater peak inspiratory than expiratory pressures.
Esophageal pressure (P.g) has often been measured at depth to
calculate the work of breathing, but unfortunately the values for
Pog are not generally reported. I measured Peg in one subject
during decompression from 580 ft (Fig. IVBE-3) and found that peak
inspiratory pressures increased with increasing gas density, while
the peak excitatory pressure simultaneously decreased.

I reason that a more negative intrapleural pressure at depth
should augment venous return, leading to an increased thoracic blood
volume with larger cardiac end-diastolic and stroke wolumes. Thus,
the density-dependent component of hyperbaric bradycardia is viewed
as secondary to an increased cardiac preload induced by the altered
breathing pattern and larger lung volumes at depth. Indeed, since
thoracic blood volume is known to increase with increasing lung
volume, an Increased cardiac preload may be responsible for the
inverse relationship between lung volume and HR previously reported (3).

Sinus Arrhythmia. One might hypothesize that slowing rhe respira-
tory rhythm induces bradycardia via sinus arrhythmia (25). As
mentioned, when both inspiratory and expiratory flow resistance are

Iv-120



PEAK Fyq {mm H,0)
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DEPTH O 106 186 240 328 424 520 {fsw)

DENSITY 1 1.54 20 236 2.88 .27 3.82 (gm/1)

Spontaneous peak inspiratory and expiratory eso-
phageal pressures in 1 subject during decompression,
Fach value is averape change from end-tidal (FRC)
level during a 5-min observation.

similarly increased, the time to reach peak inspiratory flow is
hardly changed, while the time for expiratery flow is slightly
lengthened (37). Since cardio-acceleration generally accompanies
inspiration and cardio-deceleration accompanies expiration at normal
breathing frequencies (2), the added flow resistance due to increased
gas density (23) alone could conceivably produce a lower average HR
because of changes in the centrally induced sinus arrhythmia, parti-
cularly since lower respiratory frequencies at depth seem to poten-
tiate this phenomenon (1,18). According to data of Angelone and
Coulter (2), this fluctuation in HR is easily of a magnitude (up to
25 beats/min) to account for the 15% reduction in resting HR
typically seen early in saturation dives (15). It has been suggested
that this mechanism partly accounts for the apneic bradycardia seen
in sea lions, where apnea accounts for 84% of the respiratory

cycle (22).

Hypothesis. A literature survey of the effects of an added
resistive load on respiration suggests an increased cardiac preload
may be responsible for the gas-density component of hyperbaric brady-
cardia. In addition, a possible sinus arrhythmia effect may produce
bradycardia directly, with a secondary effect on cardiac preload and
stroke volume. The situation is further complicated by the possible
role of increased transmural pressure during inspiration at the
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level of the aortic baroreceptor, and it may prove difficult to
separate these effects In humans. Separation of gas density effects
from pressure or helium effects will require 1-ATA studies using
breathing gases of varying density.

Whether an increased cardiac preload is the primary cause of
bradycardia or a secondary effect of it, the results presented here
show that at pressure the thoracic blcod volume is inereased and that
this is associated with bradycardia, increased stroke volume,
increased urine flow (Fig. IVB-2), and possibly an increase in
blood pressure.

It should be restated that many factors may affect cardiovascular
parameters at depth besides gas density. Bradycardia at depth
appears to be extremely complex as discussed above. 1In additien,
suppression of insensible water loss could contribute to the effects
discussed here.* However, there does not seem to be enough time
for the suppression of insensible water loss to account for the rapid
shift of blood to the thorax during compression. Thus, it is tempting
to speculate that altered respiration at depth contributes not only
to hyperbaric bradycardia and increased TCV and SV, but to the early
diuresis as well. This effect may be mediated by high- (12) or
low-pressure (l0) intrathoracic stretch receptors, and may lead to
a mild dehydration with reduced plasma volume and other long-term
consequences for body fluld homeostasis under pressure (17).

Summary

A literature review of cardiovascular functions during saturation
diving suggested that the often reported hyperbaric bradycardia is
complex, with possible 1) hyperoxic, 2) pressure (or inert gas),

3) pgas density, and, possibly, 4} cold effects. Preliminary data
from a 580-ft dry saturation dive relevant to the gas density and
cold effects are discussed. It appears that cold is nct a major
contributor to bradycardia at depth. However, a literature survey
of the effects of altered respiration due tc increased gas density
at pressure suggested two mechanisms by which increased gas density
may contribute to hyperbaric bradycardia: 1) slightly prolonged
expiration may augment the normal sinus arrhythmia and 2) larger
lung volumes at depth may lead to a more negative intrathoracic
pressure with increased venous return. Esophageal pressure (Peg)
measurements in one subject during decompression from 580 ft
confirmed that Ppg is more negative at depth. Thoracic impedance
plethysmography in four subjects undergoing compression to 580 ft
confirmed an increase in thoracic blood wolume at depth, which was
associated with an increased stroke volume, bradycardia, an increased
urine flow, and a mild dehydration. It is suggested that these

*See 5. K. Hong's paper in this symposium.
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cardiovascular and body fluid alterations at pressure are primarily
the result of the altered respiratory pattern due to breathing a
dense gas.
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C. BODY FLUID BALANCE DURING SATURATION DIVING: SUK KI HONG

Maintaining a constant body fluid volume and composition is one
of the major requirements to support divers' activities during a
prolonged dive, as in the case of saturation diving. However, in
one of the earlier dry saturation diving experiments conducted by
Hamilton et al. (7), a significant increase in urine flow was
observed at a depth of 650 ft. A similar hyperbaric diuresis
was noted in many subsequent dives to various depths (see below).
If such diuresis is sustained during a long dive, severe dehydra-
tien could develop which will not only affect divers' performance
but also endanger their safety. This presentation will attempt
a comprehensive review of the current state of the art concerning
the mechanisms and the consequence of hyperbaric diuresis,

Hyperbaric Diuresis as a Phenomenon

Daily urine flows observed in various dives are summarized in
Fig. IVC-1. Open bars represent urine flow before the dive and

Alexander et ol (1973}
{Nz=0z mix}

Hock et al - Sea iab I [1966)
{30 0]
Matsuda et al. {IS75)

Bennett and Gray (1971) Fig. ve-1. Summary of

Bennett and Gray {1971} daY) observed in dif-
ferent dives
Maore et al. [1972]

18.6

)
Hong et gl (1975}

;3 Doys, 27 “C7A
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Buhlman et ol {1370]
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) Bennett and Gray (1971)
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shaded bars during the dive. Three important conclusions can be
drawn from these data. First, urine flow increased under pres-
sure in all dives except in the case of a dive conducted by
Buehlmarn et al. (4). On the average, the urine flow increased
from the pre-dive level of approximately 1,000~1,500 to 1,500~
3,000 ml/day during the dive, independent of the depth. Second,
a careful inspection of the figure indicates that magnitude of
diuresis is related to ambient temperature., For instance, the
greatest diuresis was seen in dives to 10 and 14.6 ATA conducted
by Bennett and Gray (2); the ambient temperature in these dives
was 25°C, which is considerably lower than the comfortable level
at the above pressures (21). Moreover, in studies conducted by
Hong et al. (unpublished data), Matsuda et al. (13) and Moore

et al. (14}, a greater diuresis was observed when the ambient
temperature was lowered by several degrees without changing the
pressure. Third, it is important to note that the diuresis was
maintained throughout the dive. For instance, the diuresis lasted
throughout the 14-17 day dive period in dives conducted by Alexander
et al. (1) and Hong et al. (unpublished data). However, the data
also indicate a slight attenuation of diuresis as the dive
progressed.

Such a diuresis observed under pressure gradually disappears
during decompression and the urine flow returns to the pre-dive
level upon returning to the surface. The time course of the
appearance of this diuresis has not been carefully investigated
in most dives. Matsuda et al. (13) noted that urine flow increased
within a few hours after the start of compression to 200 ft. To
get a better resolution on the time-course of the increase in
urine flow, we ccllected urine every 2 hr during the compression
phase of our recent dive to 580 ft, and found that urine flow
abruptly increased nearly threefold & hr after the start of com-
pression., These findings indicate that the mechanisms for this
hyperbaric diuresis are set in motion as soon as a compression
starts.

Whatever may be responsible for this diuresis, one can readily
rule out greater fluid intake as a cause, since the total water
intake (drinks plus water contained in food) did not significantly
increase during the dive (13, unpublished data of Hong et al.).
Fluid intake in the form of drinks also remained almost
unchanged during the dive (2,19).

Body Fluid Volume

As stated above, a hyperbaric diuresis is sustained during the
dive in the absence of any increase in water intake., Therefore,
one would predict a significant dehydration to develop during a
prolonged dive. However, two studies in which the body fluid
volume was measured indicate the absence of such a dehydration
(Fig. IVC~2). Assuming insignificant changes in daily water Intake,
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one would have expected in the study by Johnson et al. (9) a
reduction in the total body water volume of 5.6 liters (or 70 mli/kg)
during 10 days at & ATA, in contrast to the actual reduction of
only 35 mi/kg. In our own dive, no change in the total body water
volume was observed during 2 wk at 18.6 ATA, while a reduction

of 9.3 liters {(or 130 ml/kg) would have been predicted.

These results strongly suggest that the overall body fluid
balance appears to be maintained in the presence of a persistent
diuresis during a prolonged dry dive, as long as there is no cold
stress. However, the data of Johnson et al. (9) suggest that
there may be some redistribution of body water among three major
body fluid compartments. At 4 ATA, the extracellular fluid
volume slightly increased while the intracellular fluid volume
decreased. Moregver, the plasma volume decreased at depth. The
physiological significance of these results is not clear at
present, and it is important to verify the above findings in
future studies.

Hematocrit Ratio and Plasma and Urine Chemistry

Many studies included measurements of the hematocrit ratio
and the chemical composition of plasma and urine. Although the
results are by no means clear-cut in many cases, I tried to be as
objective as possible in extracting the trend shown in Table IVC-1.

The changes in the hematocrit ratio were variable: it increased

in some studies and decreased in others. Apparently, these variable
results are not related to cold stress, since opposite changes are

Iv-129



@5e2128p = - (38uByD OU = (§ f{asweidUT = 4

(2) + -+ - 5 9y
(%) 0 + -+ - 0 - - 0 - 0°1¢
(6T) + 0 0 + ¢ 0 0 0°S7-0"61
*Te 32 Sucy
Jo exep
paysTTqndun 0 + - 4+ 0 + + ) - - - + 9°8T
(v - 0 ¢ 0 + 0 o - - + 0°97
(2) + + 4+ 4+ 9° 9T
() + + + 4+ 0°01
(€T) 0 0 O 0 0 0 0 o0 0°1
(8) 0 + - + 0 0+ 0 0°¢L
(1) + + + + o+ 4+ + 0 + + 4+ + 0¥
PUTUII®BSI) 4 ®BH X BN WSO uT23]oag DUIUIjIEe3a]} Y BN WS) OTIR1 V1V
IDUDIS I U0T1210XY AIRUTI[ UoIjv»Iijuad2uo) BusSel] 1TA203BWSY ‘sinssaiy

*SjuduTIadxs BUTATIP UOTIBINIBS SNOTIBA BFUTIND PSAIISQO s@3nyos
Jo uor3aa0xs Aieurin pue ‘L131sTweysd euseld ‘orjex ITID0]BWST By3 UE §3FUBYD Jo AXeUmING *T-NAT STYRL

Iv-130



geen even in the absence of cold stress (4, unpublished data of
Hong et al.). However, the increase in the hematocrit ratio
observed in 3 cut of 5 studies is consistent with a reduction in
the plasma volume, as reported by Johmson et al. (9).

Plasma concentrations of total osmotic particles, Na, and K
also show a large variation among different studies. On the other
hand, the plasma protein concentration tends to increase, if there
is any change at all, which suggests a loss of some plasma water.
This may be related to changes in the hematocrit ratio and plasma
volume, discussed above,

Urinary excretions of total osmotic particles, Na, and Ca
show no consistent trend., On the other hand, the majority of
studies shows a consistent increase in the urinary excretion of
K and P. Whether the latter findings indicate a faster rturnover
of intracellular constituents or not is yet to be determined.

The plasma conceatration of endogenous creatinine seems to
stay remarkably constant while urinary excretion shows variable
rasults. 1In other words, the endogencus creatinine clearance,
which is a measure of the glomerular filtration rate (GFR),
seems to change randomly.

Renal Tubular Functions

Fractional excretions of the filtered total osmotic particles,
Na, and K are calculated from the values of the plasma clearance
of these substances relative to the endogencus creatinine clearance.
Only four studies provide the necessary information for this
calculation {Table IVC-2). In general, fractional excretions of
the filtered osmotic particles, Na, and K tend to increase, if
there is any change at all, which suggests an inhibition of the
tubular reabsorption of these filtered substances.

All studies which measured the urine osmolality generally
showed that it decreased during the dive but always remained
hypertonic., Therefore, the free water clearance, i.e., the urine
flow minus the osmolal clearance, was still negative. Table IVC-2
also shows that the changes in this negative free water clearance
(Tﬁzﬂ) are quite variable.

In other words, the magnitude of increase in urine flow during
a dive is comparable to that in osmolal clearance. This indicates
that inhibition of tubular reabsorption of solutes is associated
with a corresponding inhibition of water reabsorpticn.

Mechanism(s) of Hyperbaric Diuresis

According to the modern theory of urine formation, an increase
in GFR and/or an inhibition of the tubular reabsorption of water
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Table IVC-2. Changes in fracticnal excretion of the filtered total
osmotic particles, Na, and K, and negative free water clearance (Tﬁ O)
during various saturation diving experiments. 2

Fractional excretion of filtered

Pressure, ATA total osmotic Na K T References
Hy0
substances

4 0 0 - + (1)

7 + + + 0 (13)

16 + + + (14)
18.6 G 0 + - Unpublished

data of
Hong et al.
+ = increase; 0 = no change; - = decrease

induce a diuresis. As discussed earlier, the CFR as estimated by the
plasma clearance of endogenous creatinine seems to vary randomly
during the dive. Therefore, one may rule out an increase in GFR as

a primary mechanism for hyperbariec diuresis.

The tubular reabsorption of water can be inhibited either directly,
by lowering the level of circulating antidiuretic hormone (ADH), or
indirectly, by inhibiting the tubular reabsorption of osmotic particles,
especially Na. The latter is determined by the level of circulating
aldosterone and so-called "third factors(s)." The exact nature of the
third factor(s) is still unknown, but it is held responsible for a
natriuresis observed during an expansion of the extracellular fluid
(ECF) volume. A pituitary hormone, prolactin, induces both antidiuresis
and antinatriuresis (3), and inhibition of this hormone is considered
to be a candidate for a third factor (Solomon, personal communication).
On the other hand, a dilution of plasma protein councentration, usually
associated with the ECF volume expansion with saline, leads to a
reduction of the oncotic pressure of the peritubular capillary blood,
which in turn inhibits the reabsorption of Na and water from the
proximal tubule through some unknown mechanism (see, for example, 10).
In fact, many renal physiolegists strongly suspect that such a change
in physical force for transcapillary exchange may be another third
factor (physical factor theory). At any rate, it is most likely
that hyperbaric diuresis is primarily associated with alterations
of some or all of the mechanisms outlined above. As discussed in
the preceding section, the data in the literature indeed suggest an
inhibition of the tubular reabsorption of the filtered osmotic
particles and water (Table IVC-2).

Several theories have been advanced in the past to account for
hyperbaric diuresis. Bennett and Gray (2) proposed that hyperbaric
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diuresis is basically a cold diuresis. Inhibition of the ADH system
in cold is well established (20). As discussed earlier (see the
first section of this paper), the degree of hyperbaric diuresis is
inversely propertional to the chamber temperature at a given depth
(Fig. IVC-1), lending support to the above theory. However, the
fact that a significant diuresis is present even at high chamber
temperatures strongly argues against the "cold stress theory."
Moreover, a typical cold diuresis is not accompanied by an increase
in osmolal clearance and is self-limiting because of ensuing
dehydration. 1In centrast, a hyperbaric diuresis is accompanied by
an increase in osmolal clearance and is moreover sustained for as
long as 14-17 days. These considerations lead to the conclusion
that cold stress, if present, may play a role, but is certainly not
the primary mechanism for hyperbaric diuresis.

During rapid compression the partial pressure of inert gases
in the bleod should exceed that in the poorly perfused tissues,
thereby producing osmotic gradients (11). Such oswmotic gas
gradients would cause water shifts from poorly perfused tissues to
the blood and better perfused tissues. If so, one might expect
an increase in the ECF volume which would lead to a diuresis
through various mechanisms discussed above (e.g., inhibition of ADH
and aldostercne and activation of third factors). In fact,
Schaefer et al. (19) proposed this as a primary mechanism for
hyperbaric diuresis. It should be pointed out, however, that the
above osmotic gas gradients will eventually disappear once the body
is fully saturated with inert gases. Therefore, this "gas osmosis
theory" may account for the diuresis observed during the early
phase of saturation diving, but cannot explain the diuresis which
is either present during decompression or sustained for two weeks
or longer at depths. The fact that the magnitude of diuresis is
greater during the first week as compared to the second week (1,
unpublished data of Hong et al.) may be explained by this theory.
However, it is very difficult to ceonsider this as the primary
mechanism for hyperbaric diuresis.

During compression the density of breathing gas increases pro-
gressively, thus altering the mechanics of respiration. One of
the consequences of breathing a denser gas is to increase the
negative intrathoracic pressure as measured by the esophageal
pressure (22, unpublished data of Smith et al.). On the basis of
this finding, one would expect an increase in venous return as
well as in thoracic blood volume. In our recent dive, we found that
thoracic impedance at a fixed lung volume decreased progressively
in all four subjects during compression (unpublished data of Smith
et al.), strongly implying an increase in the thoracic blood volume.
If we accept the above interpretation, it is possible to explain the
diuresis by involving an inhibition of both ADH and aldosterone
mediated by the stimulation of volume receptors located in the
left atrium. It is generally accepted that the stimulation of
left atrial receptors leads to suppressions of both ADH (see, for
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example, 6) and the renin-aldosterone system (5). A critical test
for this "density theory'" will be to see if diuresis develops
when breathing a denser gas mixture at 1 ATA, To my knowledge,
this has not been done so far.

Finally, I would like to consider the possible effect of pressure
per se. If we look carefully at the composition of chamher gases
used in different dives, we are struck by the fact that the partial
pressure of 0y, N2, and He varied greatly. TFor instance, POy varied
from 0.2 to 0.56 ATA (1,4), PNp from 1.2 to 3.8 ATA (1,13), and
PEe from 0 to 46 ATA (1,2). Despite such wide variations in
chamber gas composition, a diuresis similar in magnitude is observed
in all dives (Fig. IVC-1). It may be that the pressure per se
somehow interferes with the overall regulation of body fluid
volume. Such a pressure effect should be dependent upon the level
of the pressure, but this pressure-dependence may be offsget by
other effects of variocus component gas species.

One important effect of pressure on body fluid volume regulation
is the suppression of water vapor diffusion from the skin to the
environment. According to the Chapman-Enskog theory, there 1s an
inverse relationship between the binary diffusion coefficient of
a gas and the ambient pressure (18). The same theory also predicts
that the binary diffusion coefficient of a gas is greater as the
molecular weight of the ambient gas decreases. Paganelli and Kurata (15)
have recently tested this theory in our laboratory for the binary
diffusion cf water vapor into air, He, and heliox over a pressure
range of 1-50 ATA, and noted that the theory holds for pressures
below 20 ATA, above which a slight but significant deviation was
observed. According to their cobservation, water vapor diffusion
into He is approximately three times greater than that into air at
a given pressure level. 1In other words, the rate of water vapor
diffusion intoc He at 3 ATA is comparable to that into air at 1 ATA,
and at pressures greater than 3 ATA the rate of water vapor dif-
fusion intc He is below that into air at 1 ATA.

If the above theory and cbservations are extrapolated to the
physiological system, one could easily visualize disturbances in
the body fluid volume regulation in hyperbaric environments. One
would expect a reduction in the insensible water loss at air pres-
sures greater than 1 ATA or at heliox pressures greater than 3 ATA.
Such a reduction in the insensible water loss from the skin would
then account for hyperbaric diuresis. As pointed out earlier, the
total body water volume does not change even when the diuresis
lasts for 14-17 days (Fig. IVC-2), lending strong support to
this theory. Tf the increment in urine flow represents the decre-
ment of insensible water loss at pressure, there is no reason to
expect a change in the teotal body water volume. Slight increases
in the hematocrit ratio and plasma protein concentration associated
with a reduction in the plasma volume noted in many dives are not
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consistent with this theory; it is possible that these changes
reflect the combined effect of other factors not directly related
to the insensible water loss.

In a dive conducted by Matsuda et al, {13), the diuresis
was sustained for 7 days but there was no evidence for dehydra-
tion, indicating that the body water balance was well maintained.
Based on this premise, I calculated the magnitude of insensible
water loss at 1 ATA air and 7 ATA heliox environments (Fig. IVC-3).

| ATA 7ATA 7ATA
(air) (He-0,) (He-03)
28°C 28°C 25°C
. 3,000 |- I/f-fpuf
S
S 2500}
E
~ 2,000}
g i
5 ool |
[&]
3 1,000F
S
‘g 500}
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Fig. IVC-3, Reconstruction of daily body water
exchanges during a dive to 7 ATA conducted by Matsuda
et al. (13)

The insensible water loss is estimated to be approximately 1,600 ml/
day at 1 ATA air and decreased to 800 ml/day at 7 ATA, representing
a 50% reduction. 1In at least three dives, the insensible water

loss was measured and the results are shown in Fig. IVC~4. Since
the insensible water loss is alsc affected by humidity and skin
temperature, the results are not as clear—-cut as expected. Never-
theless, there is a clear tendency for the insensible water loss to
decrease as the pressure increases.

On the basis of considerations given above, I propose that the
primary mechanism for sustained hyperbaric diuresis is the suppres-
sion of the insensible water loss from the skin. Associated with
this primary mechanism are several secondary mechanisms (such as
cold stress, the osmotic effect of inert gases, and the effect of
breathing denser a gas mixture) that alter the basic pattern of diuresis.
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Fig. IVC-4. Daily evaporative water loss as a func-
tion of pressure. Two curves for Raymond et al.
are calculated from their data on evaporative heat
loss (16,17).

Endocrine Changes

Whatever the primary and secondary mechanisms are for hyperbaric
diuresis, one might expect to find certain clues from changes in
the blood and/or urine levels of hormones that are known to control
the tubular reabsorption of osmotic particles and water. Table IVC-3
summarizes the findings in the literature. As in the case of other
data, the measurements are not only scarce, but the results are also
highly variable; it is thus virtually impossible to draw any
definite conclusions. Actually, it is not surprising to see such
variability, because divers are exposed to multiple stresses.

All theories (cold stress, gas osmosis, density, water vapor
diffusion) proposed by various investigators predict an increase
in either thoracic blood velume, ECF velume, or total bedy water
volume, all of which would at least transiently inhibit the ADH
system and/or renin-angiotensin-aldosterone, and which could acti-
vate the third factors. Table IVC-3 shows that urinary ADH
decreased in two dives but remained unchanged in the other. On the
other hand, renin and aldosterone in blood and urine either increased
or remained unchanged. Serum prolactin decreased in one dive but
not in another. This means either that the theories are wrong, or
that changes in thoracic blood volume, ECF volume or total body water
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volume as predicted above may be too small to elicit consistent
changes in the above hormones. Another critical point is that the
hormane levels in blood and urine may undergo cyclic changes during

a dive, and it may be meaningless to determine them intermittently.
At any rate, far more comprehensive studies are needed in the future
to identify possible endocrine changes that may reflect the mechanism
of hyperbaric diuresis.

Table IVC-3 also shows changes in the level of thyroid hormone,
insulin, catecholamines, and other adrenal critical hormones during
various dives. Some of these changes may alter the body water
balance, thereby further complicating the basic issue. Although no
data are available, it is tempting to speculate a stimulation of the
parathyroid gland. As pointed out earlier, in the section on hemato-
crit ratio and in Table IVC-1, a phosphaturia is observed in all
dives in which the measurement was made. This is associated with a
reduction in Ca excretion in 4 out of 8 dives.

Summary

A diuresis develops during compression and is sustained through-
out the dive. This diuresis is not accompanied by a corresponding
increase in fluid intake, and yet total body water volume appears
to be maintained. This diuresis is independent of changes in the
glomerular filtration rate and appears to be due te an inhibition
of tubular water and solute reabsorption. It is proposed that the
primary mechanism for this hyperbaric diuresis is the suppression
of the insensible water loss from the skin. Associated with this
primary mechanism are several secondary mechanisms, such as cold
stress, the osmotic gas effect, and the effect of breathing a
denser gas, that alter the basic pattern of diuresis.
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CHATRMAN'S SUMMARY: PETER B. BENNETT

I do not intend to spend very much time reiterating what has
been better said by the speakers; it has proved difficult to sum-
marize papers, particularly when I only received about 30% of them
prior to the meeting! Instead, after a few brief comments, I
would like to identify a practical problem of great significance
for saturation diving, if saturation is to remain an accepted
method of diving.

Dr. Miller has effectively described the SCORE and other air-
excursion programs, and it is clear that this method of diving is
prohably restricted to depths of less than 250 feet, with the
saturation stage at 60 or 90 feet. To carry this stage further,
or maybe even at this depth, will result in exposing men to long
durations of high nitrogen partial pressures, and we know little
of how this will affect the body. It is pertinent, however, that
there is at present considerable concern among anesthesiologists
about the effects of exposure to low doses of anesthetics over a
prolonged period on the function of the liver and other organs.

In terms of the degree of narcosis at 250 feet, Dr. Miller has
noted that the men themselves maintained that they were fit and
able to carry out their tasks. Nevertheless, this is a formidable
level of nitrogen partial pressure, and I do not believe that the
diver himself is able to make judgments as to his own susceptibility.
Indeed, during the dry studies at Duke, the individual who said he
was the least narcotic at 300 feet showed the most performance
decrement.

Whether adaptation to narcosis occurs on making excursions from
a saturation stage is not clear., Certainly there is mno lessening
of narcosis on compression to greater depths after saturation at
60-ft air.

If the greater nitrogen partial pressure at 90 ft will have
any better effect remains to be proved and there is much work to
be done on air saturation diving, including the determination of
safe decompression practices.

The question of diving bradycardia as addressed by Dr. Smith
is for me as puzzling as ever. Although altered respiration at
depth may contribute to hyperbaric bradycardia, the complex inter-
action of other variables such as cold, oxygen, and inert gas
narcosis are confusing and suggest a complex mechanism affected
by changes of many variables. My and Dr. Fagraeus' recent finding
of no bradycardia during oxygen-helium dives at 500 and 600 ft
during arm exercise, and the fact that other Duke studies by
Dr. Salzano show an adaptive process, merely serve to indicate that
much more work is required on this interesting physiological
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phenomenon, preferably on isolated heart preparations. However,
the bradvcardia is not of pressing practical importance to man in
the sea.

Hyperbaric diuresis as described by Dr. Hong is similar, but
is of significant physiological interest. Apparently thils occurs
in the absence of any increase in water intake but without dehydra-
tion, perhaps because of a reduction of insensible water loss.
Measurements of fluid balance are difficult at the best of times—-
during a complex saturation dive they are difficult indeed, which
may account for the wide variability in results of electrolyte
and enzyme changes during such dives., Controls are singularly
lacking and it would be interesting to know what would happen
to the same divers in the same situation but without exposure to
increased pressure. The nature and water level of food is also
often ignored in such studies, yet much water can be obtained
through food and many electrelyte changes could be due to the diet.

Dr. Hong argues that since chamber temperature is relatively
high, usually around 31°C for helium dives, there 1is no cold
diuresis, but this argument ignores the special thermal characteris-
tics of helium and that a 1/2°C shift may cause a diver to shiver.
Also, with many such saturation dives a 1/2°C fall in core tempera-
ture has been reported. Again, more research is required before
we can decide which of the many variables is responsible for the
diuresis.

Dr. Webb has given an excellent, if nonconclusive, discourse
on the energy balances of nutrition versus metabolism during helium
saturation diving, in trying to explain the origins of weight loss.
Since time is short, I want now to take a little time tc identify
what is for me the most important aspect for the future of satura-
tion diving, and one which has not been discussed here.

This is that due to HPNS, and possibly to aseptic necrosis of
bcne, compression now needs to have stages like decompression. For
very great depths of 1600 ft or greater these appear to require at
least 12 hours. TFrench workers have used 49-hr stages and 10 days
to reach 2001 ft, yet the men were still not normal. With 10 days
required to get back to the surface, the economics of such diving
make it neither practical nor safe. The oxygen levels and possible
Chouteau effect, which alleows only a tiny range of allowable oxygen
with oxygen toxicity oceurring on one side and Chouteau hopoxia on
the other, are other critical areas.

There is another less obvious but still important aspect of
saturation diving, which at first glance may seem naive, but to me
is not. 1 refer to boredom. The pressing boredom experienced by
divers during long saturation dives badly needs attention, as do
the frequent occurrence of nightmares during sleep.
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There i1s no time to consider the whole range o¢f serious physio-
logical disorders in saturation diving; most of those present are
certainly familiar with them anyway. However, I would like to say
this in closing. The shortage of research funds and qualified
researchers and laboratories makes it imperative that we concentrate
our interests on the major problems which affect the diver's effici-~
ent performance, and only later investigate the physiologically
interesting but inessential and less practical problems. If we do
not, 'man in the sea' may be replaced by ''machine in the sea",

This then is a plea to those basic researchers doing very excellent
work to relate their findings as soon as possible to the applied
workers trying to solve important practical problems., We shall
hear more of these practical problems tomorrow=-~in that sense

this session has been a bridge between basic and applied approaches
to man in the sea.
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SESSION V: DECOMPRESSION SICKNESS

A. THE PHYSICS OF BUBBLE FORMATION: DAVID E. YOUNT

The first recorded case of decompression sickness was described
by the British physicist and chemist, Robert Bovle, Iin 1670. BRoyle
had just invented a wvacuum pump, and he soon tried it out on a
number of subjects, both animate and inanimate. He observed, for
example, that fresh milk and blood boiled vigorously when the gas
surrcunding them was evacuated with his pneumatic engine. In another
experiment, Boyle subjected a viper to the same test and found that
it did not die immediately from oxygen starvation, but was instead
"furiously tortured". Eventually the snake developed a conspicuous
bubble in the "waterish humour of one of its eyes". On the basis of
his various observations, Boyle attributed the viper's agony to the
formation of bubbles in the "blood, juyces, and soft parts of the
bady".

While Boyle probably never imagined that humans would inten-
tionally subject themselves to the rigors of decompression, his
observations remain accurate and timely. Decompression sickness
occurs after a reduction in ambient pressure. It is therefore
associated with such modern—-day activities as diving, werking in
pregssurized tunnels and caissons, and flying at high altitudes in
unpressurized aircraft. The disease results from bubble formation
in the blocd or tissues, as Bovle noted, and many different parts
of an animal can be affected. 1In fact, bubble formation is a
general property of decompressed aqueous media, such as milk,
blood, and animal tissue. Such generality suggests a common
origin in basic physics and chemistry, and it is therefore appro-
priate to begin a session on decompression sickness at this funda-
mental level.

Tensile Strength and Supersaturation Pressure. The tensile
strength of a liquid (4,34) can be determined by subjecting it to
a negative pressure, as shown in Figs. VA-1, A and B. If the
pressure is sufficiently large, the sample will fracture or cavitate
inte vapor and liquid phases, as indicated in Fig. VA-1, C.
Measured tensile strengths vary widely, depending upon such details
as the purity of the liguid, the type of container, the temperature,
and so on. For example, the presence of gas nuclei im the sample
can alter the result by two or three orders of magnitude.

Cavitation can also occur because of gas dissolved in the liquid
at higher than ambient pressure. Supersaturation can be achieved
by subjecting the sample to a pressure schedule such as that shown
in Fig. VA-2. The initial gas pressure is p,, the final pressure is
pf, and the maximal pressure is pp. Some minutes (ip) after the
maximum pressure pym is reached, the pressure is lowered and held for
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A B C

Fig. VA-1. A: liquid at ambient pressure; B: application
of negative pressure, causing slight expansion; C:
fracturing of sample into liquid and vapor phases.

geveral hours (tg) at pg until saturation of the sample by the sur-
rounding gas is complete., The supersaturation pressure is defined
as the difference in the gas tension in the sample and the ambient
pressure pgpp. For complete saturation followed by rapid decompres-
sion, this gives

Pgs - T — Pamb = Ps ~ Pf (1)

By "rapid", we mean sufficiently fast that diffusion of gas into

or out of the sample can be neglected. A 'slow" process would be

one in which diffusion plays a major role and in which the gas tension
7 in the sample remains in quasi-equilibrium with the amhient pres-
sure pgmph outside.

A negative, external pressure is applied in studying the tensile
strength of a liquid, whereas the supersaturation pressure pgs 1s
positive and mainly internal-—-internal in the sense that the gas
tension 1 in the sample is greater than the external ambient pres-
sure pamb. Lhe tensile pressure pulls the liquid apart, while the
supergaturation pressure bursts it open. Further, the tensile
strength of a pure liquid depends upon vaporization, while bubble
growth in a supersaturated sample depends largely upon diffusion
of the dissolved gas. 1In spite of these distinctions, the two
concepts are closely related and have a common basis in nucleation,
the process by which a vapor or gas phase originates within a liquid.
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Fig. VA-2. Pressure schedule used by Hawaii group to
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achieve supersaturation of gelatin.
sure is p,, final pressure is pf, and maximum pressure
is py. Some minutes (ty) after maximum pressure py

is reached, pressure is lowered and held for several
hours (tg) at ps until saturation of sample by sur-
rounding gas is complete. Gas tension t(t) approaches
Ps with a time constant that is longer than tpy and
Initial spike to pp is varied

miich shorter than tg.
to test hydrostatic crushing of pre-existing gas

nuclei.

grows spontanecusly until the pressure 1s relieved and the system

is again in equilibrium.
a spherical gas phase of radius r embedded in a supersaturated liquid.

Such a cavity will expand or contract by diffusion according to the

equation (17,23)

dr/dt « [t - pyl
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Critical Radius. The most important feature of bubble formation
and growth is that it is a threshold phenomenon: once the threshold
pressure, negative or positive, is exceeded, the vapor or gas phase

This point can be demonstrated by comnsidering



where py is the pressure inside the cavity
Pb = Pamb + (2y/t1) (2b)
Substitution gives
dr/dt = [T - pamb - (2y/r)] (2¢)

where v is the surface teansion and where the vapor pressure and
gravitational hydrostatic pressure have been neglected. A more
explicit expression for the rate of change of the radius dr/dt is
derived in the Appenix.

Evidently, the radius of a gas phase increases or decreases
according to whether the quantity in brackets in Eq. 2c is positive
or negative. Furthermore, the process is self-sustaining: if r
increases, the quantity in brackets alsc increases, and the radius
grows even faster. Conversely, if the quantity in brackets is negative,
the radius decreases in a self-sustaining manner. These considera-
tions lead to the notion of critical radius, i.e., that radius which
makes the bracketed quantity equal zero

fe = 2v/{T - Pamb) (3a}

We reserve the term '"mucleus'" for gas or solid phases having char-
acteristic radii less than r., and we use the word "bubble" in
referring to gas phases of characteristic radius larger than re.

Equation 3a can be applied to the decompression of a saturated
liquid as follows. TImmediately prior to a rapid decompression, the
sample is at equilibrium at the saturation pressure pg (i.e., T = pg),
as shown in Fig. VA-2. Immediately after a rapid decompression from
Ps to pf, the ambient pressure is psf (pamh = pf). The critical
radius and supersaturation pressure are then related by

re = 2v/(ps - pf) = 2v/pss (3b3
Pss = Ps — Pf = 2y/t¢ (3c)

To every supersaturation pressure pgg there corresponds a critical
radiug r. such that any gas phase in the sample with characteristie
radius larger than r. will grow into a macroscopic bubble.

Homogeneous Nucleation. How can a gas nucleus originate in a
liquid free of impurities? At the most primitive level, the random
motion of the molecules in the liquid can, from time to time, deplete
a given region and leave behind a space. This process, known as homo-
geneous nucleation, was first proposed by Becker and Doering (7,15,
16) and is described in well-known texts (18,30). The instantaneous
local probability for the formation of such a cavity is calculated
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from the Boltzmann factor
w = exp{(-E/kT) (4)

where k is the Boltzmann constant, T is the absolute temperature,
and E is the change in free energy associated with the process being
considered.

The Boltzmann factor has been used to calculate such diverse
quantities as the equilibrium concentration of the ortho and para
states of liquid hydrogen, the temperature of the sun, the probability
of forming pions at 400 billion electron volts, and the composition
of the universe 0.1 second after the big bang. In the present applica-
tion, we require only the temperature T and the formation energy for
a spherical volume of radius r in which the liquid has been replaced
by vapor or gas

E = - [{pp - Pamp)4mr3/3] + [y&mr?] (5)

where all of the symbols are as previously defined. The negative

term represents the energy lost by the system in the form of work done
by the pressure differential (pp - papp) in creating the spherical
volume Aﬂr3/3, and the positive term is the energy gained by the
system in the form of work done against the surface tension in
creating the spherical surface 47r?. The chemical potential is

the same for liquid and vapor states of a given substance in thermal
equilibrium, and it subtracts out when the change in free energy is
calculated.

The radius for instantaneous mechanical equilibrium can be
found by setting the derivative dE/dr equal tc zero, the condition
tor a minimum of the energy E

dE/dr = - [(pp ~ pamp)4mr®] + [y8mr] = 0 (6)

Alternatively, one can set the outward (positive) volume force equal
to the inward (negative) surface force

(Py, = Pamp)47Y = ¥8nr (7
The equilibrium radius in either case is
r = 2y/(pp - Pamp) (8)
By means of Eq. 8, the change in free energy can now be written

E

It

167y3/3(py - Pomp)? (9a)

4ﬂr2Y/3 (9b)
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while the corresponding instantaneous, local probabilities are
W o« exp[-lﬁwy3/3kT(pb - pamb)z] (10a)
« exp[-4nr2y/3KT] (10b)

The radius, and thus the formation energy, of any cavity must
lie between zero and infinity. The propertionality constant for
Eq. 10b can then be found by requiring that the integral from zero
to infinity over the energy eigenstates must equal one. The result
is (43)

w = (1/KT) exp(-4nr<y/3kT) (11)

Finazlly, the instantaneous, local probability W for the occurrence
of a vapor or gas phase of radius larger than the critical radius
can be found by integrating Eq. 11 over the energy eigenstates
from the critical energy, 4ﬂrczyl3, to infinity (43)

W = exp(—&ﬂrcznyRT) (12)

To get some feeling for Eq. 12, we apply it to water at 27°C°f
300°K (y = 72 dynes/cm) (41). For a critical radius of r, = 10 A,
the result is W = 1.4 x 10732, This is the probability of finding
a cavity larger than 10 R in radius at any given point in the liquid
and at any given instant in time. This is a small probability,
but there are many points and manyoinstants. For example, the
number of spherical veolumes of 10 A radius in 1 cm? of water is

n=1cm3/[4m(L0~7 cm)3/3] (13a)

2.4 x 1020 yolumes/cm? (13n)

How long is an instant? The duration of a vapor or gas phase may be
estimated frog the time required by a water molecule to traverse a
cavity of 20 diameter traveling at the speed of sound in water, of
order 10° co/s
t & 2 x 1077 em/(10%m/s) (14a)
v 2 x 10712 5 (14b)

o)
Thus the number of cavities of 10 A radius or larger formed per
second per em?® of water is of the order

N~ 0.5 x 1012 x 2.4 x 1020 x 1.4 x 10732 (15a)

v 1.7 cavity/s/em? {15b)
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A critical radius of 10 R corresponds via Eq. 3¢ to a tensile
pressure or supersaturation pressure of about 1440 atm. In principle,
if one applies a pressure of this magnitude to a pure water sample of
1-cm® volume at 300°K, it will fracture or cavitate wighin about
1 s. If the above calculation is repeated for r. = 9 A, the probability
for cavitation is increased by six crders of magnitude, while for
re = 11 R, it is decreased by a similar factor. The calculation is
equally sensitive to small changes in tensile or supersaturation
pressure. The critical radius for homogeneous nucleation is there-
fore about 10 g and the tensile strength or critical pressure about
1440 atm. This result is dominated by the Boltzmann factor and is
relatively independent of the other assumptions in the calculation.

The minimum supersaturation pressure required to induce bubble
formation in humans is about 0.6 atm {(21), while the threshold for
distilled water is about 0.8 atm (42). The difference between
these values and the threshold for homogenecus nucleation is
impressive and underscores the importance of understanding any other
forms of nucleation that may be invelved,

Inhomogeneous Nucleation. The theory of homogenecus nucleation
works remarkably well for certain liquids, such as ether and n-hexane
(4,5) in which nearly perfect denucleation has been achieved. The
highest tensile strength actually observed experimentally for water
is 277 atm (5,11), while the highest supersaturation pressure
sustained without cavitation 1s 270 atm, found with helium gas (26).
The close gimilarity of these values may be fortuitous, yet both
are about a factor of 5 below the predictions of homogeneous
nucleation theory. This is generally taken as evidence that impuri-
ties, such as motes, are still present even in the highly denucleated
water used in obtaining such limits on de nove formation of bubbles (3).

Plesset (34) has developed a model for inhomogeneous nucleation
in which impurities are approximated by solid hydrophobic spheres of
radius r,, as shown in Fig. VA-3, A. The Boltzmann factor is then
used to calculate the probability that a vapor or gas phase will
develop within a concentric shell extending from r, to a larger
radius r, as indicated in Fig. VA-3, B. The formation energy,
analogous to Eq. 9b, is

E = [4mrypy/3] + [47r5%(yys ~ v1.8) /3] (16)

where ypy, Yvyg, and ypg are the surface tensions associated with the
liquid-vapor, vapor-sclid, and liquid-solid interfaces, respectively.

Equation 16 expresses the dependence of the formation energy,
and thus the formation probability, upon the properties of the vapor-
liquid-solid interface, At equilibrium, the surface tensions
pulling parallel to their respective surfaces have a net component
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Fig. VA-3. A, B: Plesset model. Nucleation center
consists of a solid hydrophobic sphere of radius rg,
and probability is calculated for a vapor phase to
develop within a concentric shell extending from rg
to a larger radius r. €, D: solid-liquid-vapor
interfaces for hydrophilic (C) and hydrophobic (D)
solids. E, F: Harvey model. A gas phase character-
ized by a positive radius of curvature (E) collapses
by diffusion, while one having a negative radius (F)
grows by diffusion until a stable configuration is
reached.

along the solid surface of zero

YLy ¢os 8 = yyg ~ YLS (17a)

as shown in Fig, VA-3, C and D. A solid is wetted by the liquid when
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the contact angle O, measured through the liquid, is acute, that
is, when

Yys = yLs > O {(17b)

In this case (Fig. VA-3, C), the second term in Eq. 16 is positive,
and the prebability of forming a bubble of radius r is decreased by
the presence of a solid impurity. This is expected since a solid
satisfying Eq. 17b has a greater adhesion for the liquid than the
liquid has for itself.

For a hydrophobic or non-wetting solid satisfying the condition
Yyg - YLS < O (17¢)

the second term in Eq. 16 is negative, and the formation energy is
decreased, thereby increasing the formation probability via Eq. 4.
In the limiting case, @ = n (cos © = -1), the formation energy
becomes

E = (4rrlypy/3)[1 - (xo /)21, (18)

which is quite small for radii r near the impurity radius r,. Thus
the presence of hydrophobic motes implies a formation probability
near unity for nuclei of radii comparable with those of the non-—
wetting seolid impurities.

Experimental attempts to seed liquids with solid impurities
have met with very little success. TFor example, Bateman and Lang (6)
tried charcoal, blood corpuscles, dialyzed colloidal ferric hydroxide,
ivory black, and sodium bicarbonate. Only the last two had any
effect, and the results were inconclusive. Richardson (35), on the
other hand, found that salt grains can carry nuclei into solution,
but since the salt dissolves completely, the residual nuclei must
be gaseous rather than sclid. Further, Richardson's technique--
absorption of ultrasonics--is specifically sensitive to gas phases.
More recently, Tom Kunkle and I have attempted to nucleate gelatin
with polystyrene spheres of 0.117 u and 0.397 u (29). Our inability
to generate bubbles on hydrophobic spheres caused us to reexamine
Plesset's model in some detail (43).

We believe that the observed absence of spontaneously generated
gas phases arcund hydrophobic, solid spheres is due to the rapidity
with which the formation energy increases, once the radius r exceeds
the mote radius r,. While Plesset (34) does not discuss possible
limitations in the shell thickness

(19)
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we believe that this quantity must exceed typical intermolecular
distances if the concept of a vapor or gas phase is to have any
physical significance. TIn water, this implies

> 0
rv3 A+, (20)

In Fig. VA-4, we have plotted (-E/KT) versus the mote radius rg
for various values of Ar, where E is the formation energy in water
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Fig. VA-4, Plot of (-E/kT) at 300°K versus mote radius
r,. Calculations are shown for severgl values of

Ar = r - Ty in the neighborheod of 3 A, approximately
average spacing between molecules in water. Gas,
nucleation is extremely unlikely unless |-E/kT| + 50.

given by Eq. 18, and T is taken to be 300°K. For characteristic
times of order 10712 5 (Eq. 14b) and for mote densities ol less than

10°/em?, nucleation is extremely unlikely unless

|-E/kT| ~ 50 (21)
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If Ar = 3 g, for example, then motes larger than r, = 10 K are not
effective, A mote of r, = 10 radius would occasionally generate
a cavity of up to r ~ 13 radius, corresponding to a tensile
strength or critical pressure of about 1100 atm (Eg. 3c¢), but this
is still three orders of magnitude larger than the threshold for

bubble formation in humans.

Harvey Model. Harvey (22,24) has proposed a nucleation model
consisting of a gas phase trapped in a cone of apex angle ¥. For
a broad cavity, shown in Fig. VA-3, E, the contact angle satisfies
the condition

9 < 90° + (¥/2) (22a)

The radius of curvature of the liquid-gas interface is positive

in this case, implying (Eq. 8) a gas pressure py that is greater

than the ambient pressure pgmh. Neglecting vapor pressure and
assuming that the gas tension 1 in the liquid is equal to the ambient
pressure puph, there is a net diffusion (Eq. 2c) of gas out of the
gas phase and into the liquid. The gas phase shown in Fig. VA-3, E,
is unstable and eventually disappears.

The gas phase shown in Fig., VA-3, F, on the other hand, satisfies
the condition (22,24)

9 > 90° + (¥/2) (22b)

It therefore has a negative radius of curvature and a negative
pressure differential T - pp, and it will grow by diffusion
(Eq. 2a) until a stable condition is reached, stability being
defined by (42}

0 =90 + (¥/2) (22¢)
i.e., by a flat liquid-gas interface,

There is usually a considerable range between the advancing
and receding contact angles. Within this range, the point of
contact can remain fixed, and the contact angle can vary until
Eq. 22¢ is satisfied. Vapor pressure can easily be taken into
account. For example, if the vapor pressure of the liquid is
higher inside the cavity than it is above the liquid, and if 7 =
Pamb = Phs then the stable interface is slightly convex (r > 0).
Similarly, in living animals the inherent unsaturation resulting
from oxygen metabolism (8,14,27) implies that 1 is less than Pamb
and that the stable liquid-gas interface is slightly concave
(r < 0).

A crucial feature of this model is that gas phases can originate
spontaneously by homogenecus nucleation near the apex of a cone.
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Providing only a few molecules are involved, the formation energy E
is small, and the formation probability (Eq. 4) rather large. Once
started, growth can occur via the Harvey mechanism, i.e., via

Eq. 2c when Eq. 22b is also satisfied. Since the radius of the
liquid-gas interface is negative in this case, this process suc-
ceeds even when the gas tension is less than the ambient pressure,
i.e., when there is no supersaturation.

The Harvey model demonstrates in principle that gas phases
can be produced and stabilized within liquids and that they can
grow to sufficient size (e.g., 1 ) to account for the precocious
onset of bubble formation in animals. Albano (2) has argued that
the interstitial spaces between cell walls can provide the negative
surfaces required to sustain spontaneous growth, and he has
amassed an impressive body of histological evidence in support of
this view. We note, however, that the Harvey model cannobt account
for the low thresheld for bubble formation in distilled water (42),
and that other mechanisms for nucleation, stabilization, and growth
must be invelved. Such mechanisms would be characteristic of
aqueous media generally and could be important in vivo even if
other processes also occur.

Reyneold's Cavitation. Large tensile pressures can originate in
liquids subjected Lo a sudden change in velocity. This occurs,
for example, in the vicinity of moving torpedos, marine propellers,
and hydraulic turbines. The well-known case of the "Reynolds
tube'" (Venturi nozzle) is shown in Fig. VA-5, A. For fluids
flowing in a horizontal plane, the effect of gravity can be
neglected, and the pressure differential is given by Bernoulli's
equation

pp - p1 = (pvy%/2) - (pv32?/2) (23)

where p is the density of the liquid, p} and p? are the absolute
pressure, and vy and vy are the velocities in regions 1 and 2,
respectively,

In practice, flow rates of vy i 10 m/s are required to induce
cavitation in water (10). The corresponding pressure differential
can be estimated by setting p =1 gm/cm3 and by assuming that vi
is negligible. The result is

py - pL % 0.5 atm (24)

As expected, this is quite similar to the minimum supersaturation
pressures (noted earlier) which induce bubble formation in humans
(about 0.6 atm) and in distilled water (about 0.8 atm). Cavitation
is possible at this level only because of nuclei already present

in aqueous media generally. This underscores the essential point
that Reynold's cavitation is simply another means of exerting a dif-
ferential pressure. It is not a methed for creating nuclei.

I3
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Fig. VA-5. A: Reynolds tube (Venturi nozzle).
Increased velocity in Region 1 implies a decreased
pressure, as compared to Region 2. B: tribonuclea-
tion of gas phases can occur when steel ball rolls
along inside wall of test tube containing super-—
saturated water. C: Cottrell model for calculating
rribonucleation pressure. Cavitation can occur
when two discs are drawn rapidly apart,

Variations in blood veleocity in animals are normally much less
than 10 m/s and are well below the transition from laminar to
turbulent flow. Harvey et al. (22) have found that velocity varia-
tions of at least 30 times the threshold for turbulence are
required to produce cavities in liquids. It appears, therefore,
that kinetic cavitation is not a major factor in decompression
sickness, although Albano (2) has described pathological cases
in which blood vessel injuries were directly related to specific
decompression symptoms. Fven in these instances, the pressure
differentials resulting from changes in blood velocity must have
been small compared to homogeneous nucleation thresholds. In this
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sense, Reynold's cavitation was merely the last step in a process
dependent mainly upon a high supersaturation pressure and an abundance
of pre-existing nuclei.

Tribeonucleation. Tribonucleation (12,13,25,28) means literally
"nueleation by rubbing”. For example, bubbles can be generated by
rubbing two solids together under supersaturated water. Bubbles
can also be produced by allowing a steel ball to roll along the
inside wall of a test tube containing supersaturated water, as
shown in Fig. VA-5, B (25,28). Such bubbles develop because a
negative tensile pressure is created when two solid surfaces
within a 1iquid are pulled rapidly apart. ECvidently, tribonucleation
is a misnomer: like Reynold's cavitation, it is a means of exerting
a differential pressure and not a method for creating nuclei.

Cottrell (13) has calculated the tribonucleation pressure pg
between two coaxial discs of radius R separated by a distance x
that increases with a velocity v = dx/dt. The geometry is showm in
Fig. VA-5, C, and the result is

p, = - 3nv(R? - x7)/x’ (25)

where n is the viscosity, the r is the radial distance from the
common axis of the discs to some point between the discs. The tribo-
nucleation pressure pg and supersaturation pressure (1 - pypp) from
Eq. 3a can be combined into the single equation

T~ Pagmb =~ Pt ~ 2y/rg (26)

Since p, is negative, the two pressures work together in lowering
the critical radius for nuclei to grow into bubbles.

Campbell (12) has carried out extensive calculations of both
pr and (T - pypp) and has concluded that homogeneous nucleation
may be feasible in water by this mechanism. This point can be
illustrated by substituting into Eq. 25 the following parameter
values: n = 0.01 gm/em~-s, r = 0, R = 0.1 cm, v = 0.1 em/s, and
x = 0.27 p. The result is p, = - 1440 atm, approximately the
threshold for homogeneous nucleation. The values of R and v are
modest, and the disc separation is many molecular diameters.

Experimentally the situvation is complicated by the difficulty
in denucleating water samples and solid surfaces. Ikels (28)
was able to generate bubbles in olive o0il and glycerol-water solu-
tions with a steel ball rolling at speeds in the range from 0.7 to
3.5 cmf/s and with various gases at supersaturation pressures of less
than 1 atm. With denucleated water saturated with Ny gas at 1 atm,
however, no bubbles were observed even at ambient pressures below
the vapor pressure (pgy v 1 atm) and with speeds of up to 3.5 cm/s.
Clearly the threshold for homogeneous nucleation in water was not
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reached in these experiments., Nevertheless, tribenucleation could
become important when the supersaturation pressure is large or
whan there are already abundant nuclel present. In particular,
Tkels (28) has suggested that the articulating surfaces of animal
joints could cause bubble formation in the synovial fluid by this
mechanism.

fucleation by Ionizing Radiation. Homogeneous nucleation,
inhomogeneous nucleation, and the Harvey medel all depend upon the
random motion of molecules to form vapor or gas cavities. Similarly,
Reynold's cavitation and tribonucleation are methods of applying
tensile pressures: they result in bubble formation only if nuclei
are ptrovided by some other process, such as random motion. In
sharp contrast, icnizing radiation is capable of generating gas
nuclei of sufficient gize {(~ 1 p) to account for the precocious
onset of bubble formation in aqueous media generally (9,31,37,38).

Essentially, ionizing radiation creates nuclei by supplying
the necessary formation energy in a volume comparable with the
nuclear dimensions. The kinetic energy E of a primary charged
particle is dissipated in most cases mainly by numerous soft col-
lisions with atomic electrons. The recoil electrons are called
& rays, and their energies are usually less than 1 keV, although
much higher energies are possible in rare cases. Most & rays
therefore stop within a few microns of the path of the primary via
additional soft collisions that leave behind atoms in excited
states, ions, and more § rays.

It is a crucial feature of the ionization process that at low
primary kinetic energies E = mv?/2, the rate of energy loss along
a primary path x varies as

dE/dx = 1/F « 2/my? (low-energy limit) (27a)

where m is the mass of the primary and v the velocity; while at
high energies, the ionization rate is minimal and approximately
constant

dE/dx = constant ({(high-energy limit) (27b)

This means, for example, that the energy density is relatively high
in the vicinity of a stopping &8 ray and relatively low along the
path of a cosmic-ray muon.

In a bubble chamber (20) filled with superheated liquid hydrogen,
the critical radius is about 40 A (36) and the threshold energy
about 500 eV (36). The rate of energy deposition required to form
a bubble is thus of order

dE/dx ~ 500 eV/80 A (27¢)
v 6 x 108 eV/iem (27d)
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Such icnization densitles cannot be reached by high-energy particles
per se since their average dE/dx is about 3 x 10° eV/cm in hydrogen.
However, minimum ionizing particles can generate about 15 d rays

per cm with stopping energy densities above this threshold. This
results in about 15 bubbles per cm being formed along the primary
track.

A similar calculation for water (3/) predicts that ionization
energy densities of orxder

dE/dx ~ 5 x 10!0 eV/em (27¢)

are required to form cavities of 1=y radius. The ultrasonic-
cavitation experiments of Sette and Wanderlingh (37) indicate that
oxygen nuclei, recoiling from collisions of cosmic-ray neutrons
with water molecules, are responsible for the formation of gas
nuclei in water. Because of their large mass in comparison with

§ rays, recoil oxvgen nuclei can reach quite substantial ionization
levels, up to 6-7 x 10° eV/cm, near the ends of their short
trajectories. Evidently, however, this is insufficient by itself
to explain the observed cavitation, and a more complex mechanism
must be involved.

Sette and Wanderlingh have noted that the density of § rays
with energy above 100 eV can reach about 5 x 10° per c¢m near the end
of a recoil oxygen trajectory. The high density, in turn, permits
the é-ray micronuclei to coalesce, forming cylindrical cavjities that
may be 10 p long and may initially have radii of about 20 A. The
temperature within the cavity is about 600°K, and it contains 02
and Hy gas from radiclysis, as well as water vapor, excited atoms,
ions, and free electrons (37). The cavity is thus both super-
saturated and superheated, and this permits it to grow and reorganize
itself in a more stable configuration. That this actually happens
is evidenced by the experimental cbservation (37) that gas nucledl
formed in this way are stable for periods on the order of hours.

The marginal nature of the process just described is suggested
by the experimental observation (37) that recoil hydrogen nuclei
(protons) are not able to generate stable gas phases in water,
although the §~ray density is only a factor of 10 lower than for
recoil oxygen nuclei. On the other hand, recoil carbon nuclei are
able to produce cavities in pentane and acetone by this mechanism
(31). Finally, it should be noted that the equilibrium density of
gas nuclei at cavitation threshold due to cosmic rays was only
about 25 per liter in the experiments of Sette and Wanderlingh and
that the number was not much higher when a Po210Bal? source was used.

Tissue Flasticity. In the series of experiments on bubble
formation in gelatin carried out at the University of Hawaii (29,39,
40,42), a gelatin mixture was chosen that barely permits gelation
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at room temperature. In this case, elasticity is negligible, and
samples closely approximate distilled water in the sense that surface
tension is the controlling factor. The opposite extreme has been
studied by Gent and Tompkins (19) in their work on nucleation

and growth of bubbles in elastomers, i.e., foam rubber. The dif-
ference in pressure inside and outside the gas phase is given

by (19)

Pp ~ Pamb = [(5/2) = 2(ry/7) - (1/2) (ro/X*1G + 2y/x (28)
where G is the shear modulus, and r, is the radius of the cavity at
the time of cross linking. Clearly the term in brackets results from
the elasticity and is zero when r = r (unstretched spring). This

is also the equilibrium radius when the surface tension is zero.

The feature of Lq. 28 which we wish to emphasize is that there
is an equilibrium radius even when the surface tension is not zero.
In this case the tendency of the surface tension to collapse the
gas phase is resisted by the elasticity term, which is negative
when r is less than L and thus tends to resteore the cavity to its
original shape. Here we note that at least 99.9% of the bubbles
produced by decompressing gelatin can be eliminated by hydrostatically
crushing the gas nuclei that originate them. In gelatin, where the
elasticity is negligible, the crushing process is irreversible, The
studies of Aggazzotti and Ligabue (1,2) on the compressibility of
dog tissue suggest that gas phases are also present in this medium,
but in this case the crushing is partially reversible--presumably
because of the significant elasticity., Typical restoration times
are of the order of minutes or hours,

Discussion

The central theme of this review has been that bubble formation
is a general property of decompressed aqueous media, including
humans. Furthermore, the process is initiated primarily by pre-
existing gas nuclei. There are then two fundamental questions:
1) How are gas nuclei created? 2) How are they stabilized? In
my opinion, we do not yet have a satisfactory answer to either
question. The Harvey model, in which gas phases originate and
grow spontanecusly within hydrophobic cracks, may be capable of
explaining bubble formation in animal tissue, but it is difficult
to understand how this mechanism can operate in distilled water.
In the latter case, creation may result from ionizing radiation
by cosmic rays, whereas stabilization may be due to the chemical
properties of water, such as hydrogen bonding and the ability of
clathrate structures to capture gas molecules {(32,33).
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Appendix: Rate of Change of Bubble Radius dr/dt

An essential feature of this review, stated by Eq. 2a, is
that the rate of change of bubble radius dr/dt is preportional
to (t - py), the difference between the gas tension in the tissue
and the pressure in the gas phase. A derivation of this relationship
is given here. The derivation is similar to that of W. B. Wright
(private communication, 1972) and yields an equation due originally
to Harvey et al. (23).

The derivaticn begins with the following assumptions:
1) A single ideal gas is involved.
2) The gas phase is at rest with respect to the solvent.
3) Gravity can be neglected.
4} The gas phase 1s spherical
5) The gas phase is in quasi-equilibrium to that to which
Eq. 2b applies.
6) The diffusion gradient is confined to a thin, uniform shell
of thickness Ar at the boundry of the gas phase.
The ideal gas law can be expressed as
pipY = nRT {(Al)
where Py, is the absolute pressure, n is the number of moles, T is
the absolute temperature in the gas phase, and R is the universal
gas constant. For spherical volumes V of radius r, Eq. Al can
be rewritten
pb(41r3/3) = nRT (A2)
which gives
n = 4pbﬂr3/3RT (A3)
The gas pressure py is given by Eq. 2b
Py = Pamb + (2vy/1) (2b)
Substitution into Egq. A3 then yields
n = (4ﬂr3pamb/3RT) + (87r?y/3RT) (A)
Differentiation with respect te time t gives

dn/dt = (4nr2/RT) (dr/dt) [paygp + (4y/3r)] (A5}

The flux dn/dt into the gas phase is also given by

v-161



dn/dt DSVe (A6)

1]

Dﬁﬂr2(co - ¢q)/Ar (A7)

where D is the diffusion ccefficient, S is the spherical surface
area 4mr%, V¢ is the gradient of the gas concentration, which is
approximated here by the difference in concentration at the outer
{c,) and inner (c;) boundries of the diffusion shell, divided by
the shell thickness Ar. The concentrations can be expressed in
terms of the solubility "a” of the gas and by the gas tension Tt
and gas pressure p}, by Henry's law

c, = at (A8)
c{ = app (A9)

which gives
dn/dt = (aD/Ar)anr? (7 - py) (A10)

Substitution of py from Eq. 2b yields
dn/dt = (aD/Ar)4nr?{t - pyyy, - (2y/1)] (A11)

By setting the two expressions (Egs. A5, Al0Q) for the flux dn/dt
equal and solving for the rate of change of radius, one obtains

dr/dt = (RTaD/Ar) [t = pypy, — (2v/r)1/[pymy + (4v/31)] (A12)

= (RTaD/AT)Y [ (1 = Poun)/PampllT - {2Y/(1 = pamp) }1/[x + (47/3Pamb%] )
Al3

which is essentially the equation given by Harvey et al,

Equation Al2 leads immediately to our Eq. 2¢, and it gives Eq. 2a
in one step via Eq. 2b. Epstein and Plesset (17) have derived and
solved the diffusion equation without invoking assumptions 5 and 6
above. Their result differs somewhat from that of Harvey et al.,
but it agrees in this crucial respect, namely, that beth differential
equations contain the driving factor

Fi = [t - p,] = [t - pamp - (2v/1)] (A14)
of Eq. Al2 or the analogous factor
Fy = {r - {2y/(1 ~ pamp)}] (Al15)

of Eq. Al3.
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B. THE PHYSICS OF BUBBLE FORMATION; IMPLICATIONS FOR IMPROVEMENT OF
DECOMPRESSION METHODS: D. E. YOUNT, R. H. STRAUSS, E. L. BECKMAN,
AND J. A. MOORE

Previous decompression tables for humans have been based on
unsupported assumptions and trial and errer. Most of the diving
schedules in use today were developed by such methods, mainly
because the underlying processes of nucleation, stabilization, and
growth of gas phases in blood or tissue were poorly understood.

To the population at risk, the cost of empiric investigaticn has
been high, and to some extent it is still being paid, in terms of
diving diseases such as osteonecrosis, damaged-brain syndrome,
and spinal cord damage.

The recent development of the gelatin model (13,15,16,21) has
permitted many of the physical factors connected with the causes of
decompression sickness to be evaluated. It has been found (21), for
example, that pre-existing gas nuclei account for at least 99.9%
of the bubbles formed by decompressing gelatin and that about 93%
of these are already present in the water used in preparing the
gel. Similarly, the Haldane-ratio principle (4) is not applicable
te gelatin.

To a first approximation, the number of bubbles formed for a
given gas is a function only of the supersaturation pressure and
underlying radial distribution of gas nuclei. The principle of
zero~supersaturation decompression (3,7,11) is also inapplicable and
does not permit optimal decompression rates, since these underlying
distributions of nuclear size often allow relatively large super-
saturation pressures to be withstood without bubble formation.
Crushing of gas nuclei has been studied quantitatively in gelatin
and it has been shown that the number of bubbles can be greatly
reduced by rapid compression or by pressure spikes at the beginning
of a dive schedule. As a result of these experiments, it is now
possible to compute mathematically optimal decompression schedules
that are safer and faster for gelatin at a given depth and duration
than the U.8. Navy tables (21).

Gelatin has in common with living systems the fact that both are
aqueous media rich in proteins. On the other hand, there are
obvious differences, and the outcome of the above comparisons of
optimum and U.S. Navy schedules is perhaps to be expected. The
real significance of the gelatin work is that there is at least one
system in nature that can now be safely decompressed on the basis
of the physical laws and phenomena reviewed in the paper by Yount (z0).

Methods for calculating optimal schedules for gelatin are
discussed below, and experimental comparisons with other tables are
summarized. In Section III, our first attempts to prepare decompres-—
sion tables for humans a priori are described, and the results com-
pared with other well-known procedures.
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Optimal Decompression of Gelatin

The criterion that must be satisfied if a physiologically
insignificant number of bubbles is to form during the decompression
of gelatin is (21)

max
Pes T (T = DPamp) = 2v/re (1)

where pgo is the supersaturation pressure, T is the gas tension in
the sample, pyp is the ambient hydrostatic pressure, v is the
surface tension, and rgax is the maximum critical radius at which
a gignificant number of nuclei are present., In effect, the super-
S%EQration pressure pgg causes gas phases of radius larger than

Te to grow into bubbles: if none are present, no bubbles will
result. Equation 1 must be satisfied at all peints within the
sample, and a range of time constants (calculable from the gelatin
depth) must be taken inte account.

Zerc-~supersaturation decompression may be regarded as a special
case of Eq. 1 that is applicable when the right-hand side is zero,
i.e., when the maximum critical radius is arbitrarily large. Since
the ambient pressure p,pp is then always greater than or equal to
the gas tension 1, zero-supersaturation decompression of gelatin is
precluded by definition.

Tmplementation of Eq. 1 requires a knowledge of the two para-
meters y and rgax for the sample and pressure history being studied.
Alternatively, one can measure the maximum safe supersaturation
pressure directly

*®
Pgg < ZY/rIélaX {(2)

for various test conditions. We shall adopt the second approach
here, noting that (21)

Ygel = ¥sol = (51 * 5) dynes /cm (3)

max
so that rr.  can always be calculated from

r3% = [2(51 + 5) dynes/cm]/pag “

The relevant data are shown in Fig. VB-1, where p:s is plotted
as a function of the crushing pressure (pm - pp). The test schedule
was that of Fig. VA-2 in the article by Yount (20) with a uixing
pressure of p, = 0 psig. For a sample saturated at the maximum
pressure {(pg = pp) and decompressed rapidly to a final pressure py,
the supersaturation pressure is

pss = (7 - pamp) = (pg - pf) (5)
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150 *
Pss = 12 PSI+0.383 (p,~p,) PSI
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Fig. VB 1. Plot of maximum safe supersaturation pres-
sure pss in psi versus crushing pressure (pp - po) In
psi for 2 gelatin batches mixed at O psig. A reson-
able fit to the data is given by linear relation

pgs = 12 psi + 0.383 (pm -~ po) psi.

We arhitrarily define the maximum safe supersaturation pressure pzs
to be the threshold for producing one bubble per sample and, concep-
tually, decrecase pf until one bubble is seen. In practice, it is
more accurate to plet the bubble count versus pss, (as in (21)),

and extrapolate to the one-bubble intercept pig. The data in

Fig. VB-1 can be summarized by the relatiocn

pEs = 12 psi + 0.383 (pm - po) psi (gelatin) (6)
which has a x? per degree of freedom of about 1.0.
We mentioned in the introduction that the number of bubbles

formed in gelatin is a function only of the supersaturation pres-
sure for a2 given underlying radial distribution of gas nuclei.
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The underlying distributions are independent of the mixing pressure
so that, for example, batches mixed in air at py = 100 psig can be
safely decompressed to about 88 psig, and batches mixed in air at
Po = 0 psig can be safely decompressed to -12 psig (21)}). Tt is not
yet known whether gelatin batches mixed at different pressures pg
are equally sensitive to the crushing pressure (pm - po) when this
quantity is different from zero.

Folliowing Ref. 21, we now apply Eq. 1 to the special case of a
fully saturated gelatin sample. The shortest decompression time
that is consistent with negligible bubble formation (optimal
schedule) is obtained by assuming the equals sign

(t ~ pamb) = 2y/rPa* = p¥, o)
The slowest "tissue type"” occurs at the bottom of the saturated
sample and is characterized by a single time constant o*. The dif-
fusion equation (7),

di/dt = [pamp(t) - T(t)]/o* (8)
reduces to
dr/dt = [—2yfrgax]/6* = - pigfo* (9

The right-hand side of Eq. 7 is independent of time so that differentia-
tion gives

dpamp/dt = dt/dt = - 2y/o*rQaX = _ p¥ /o* (10)

The optimum decompression schedule for a saturated gelatin
sample is thus remarkably simple. It consists of only two phases

1) a rapid initial ascent to
Pamb = T* — (2y/rWax) (11)

where 1% is the gas tension immediately prior to decompression,
and

2) a linear decompression that begins at the end of the first step
and decreases with constant slope given by Eq. 10 until the final
pressure pf is reached.

The variation of the gas tension T at the bottom of a saturated
gelatin sample is also remarkably simple during optimal decompression.
Beginning at 1%, the gas tension follows another straight-line
parallel to pupp(t) and displaced above it by 2y/rax = P§s° After
Pamb(t) reaches pf, the decay of the gas tension is exponential,
and T approaches pf asymptotically.

V=170



In Fig. VB-2, three decompression schedules are compared for a
40-minute dive to a water depth of pg = 100 ft = 44 psig = 4 ATA.
The first is the standard U.S. Navy table (18). The second, desig-
nated "empirical, is of the optimal form with first pull and
constant slope determined by trial and error.

DEPTH IN FEET OF SEA WATER

5 S 3 3 3 3 3 3 S 3
1 | ] | 1 I 1 1 1 - |
Q
5—-
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.
: o
z &
- - -
; - '.’ --"'-.‘_-‘-_-
S .-"‘_--"" -
m s_-’:-:"" g
. % :
5 - :
£ &3 2
ol I E ¥
- = =
< H
~
— ~N (4]

PRESSURE IN ATMOSPHERES ABSOLUTE

Fig. VB~-2. Comparison of empirical optimum, theoretical
optimum, and U.S. Navy deccmpressicn schedules for a
40-min dive to water depth of 100 ft. U.S. Navy

table required 17 min to surface and yielded (12.9
1.0) bubbles per sample; empirical optimum schedule
required 12 min and yielded (0.42 = 0.19) bubbles per
sample; and the theoretical optimum schedule required
11 min and yielded (0.00 * (.17} bubbles per sample.
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The third schedule shown in Fig. VB-2, labeled "theoretical",
was calculated as follows. First, the crushing pressure

(ppm - po) = & ATA - 1 ATA = 3 atm = 44 psi (12)

was determined. Second, the crushing pressure was substituted into
Egq. 6 to obtain the maximal safe supersaturation pressure

ph. = 12 psi + 0.383 x 44 psi = 29 psi = 2.0 atm (13)

which is alse the magnitude of the first pull for a saturated sample.
Wext, the time constant for diffusion at the bottom of the 2-mm-deep
sample was found {(21) using the measured diffusion constant for
nitrogen in a gel of 1-2% agar in water (2)

D= 11 x 107" em?/min (14)

and the calculations of Crank (6) for an infinite plane slab of
uniform thickness. This gave a time constant at the bottom of the
sample of (21)

g% = 18.5 min (15)

corresponding to ahout 88% saturation at this location. The slope
was then determined ILrom Egq. 10

dppp,/dt = = pEg/o* = 2,0 atm/18.5 min = 0.11 atm/min  (16)

For cemparisen we note that the first ascent for the empirical schedule
was 1.3 atm and the slope 0.15 atm/min.

The U.S. Navy table required 17 minutes to surface and yielded
(12.9 # 1,0) bubbles per sample, averaged over 12 samples. The
empirical optimal schedule required 12 minutes and yielded (0.42 %
0.19) bubbles per sample, averaged over 12 samples. Finally, the
theoretical optimal schedule required 11 minutes and yielded (0.00 *
0.17) bubbles per sample, averaged over 9 samples.

Decompression of Humans A Priori

In this secticn we describe our initial attempts to generate
decompression tables for humans based on the physical ideas and
physiological parameters discussed above and in the Yount paper (20).
e begin by assuming that human blood and tissue are similar to
gelatin, Ve then modify and extend the development of the section
on optimal decompression of gelation to accommodate such additional
information as may be relevant and available at this time. We anti-
cipate that other changes will be required as the data and our
understanding improve, but we believe that it is important to
determine as early in the program as possible whether this approach
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is feasible. Specifically, we are looking for a pressure schedule
Pamb (t) that satisfies Eq. 1 at every point within the body

Pamp (£) 2 7(t) = 2y/rMaxX = t(t) - pgg (17)

In calculating pgg*, we have assumed that the body is homogeneocus,
and we have modified Eq. & in two ways:

1) We have changed the no-~crushing bubble—~formation threshold from

12 psi for gelatin to 5.9 psi for humans. This is based on a
nitrogen partial pressure of 79% x 14.7 psia = 11.6 psia at sea

level and on a range of 23,000 - 25,000 feet (5.9 to 5.5 psia)

quoted as the minimum bends altitude by Gray (9) as a result of
massive trials on USAAF cadets. That is, we have subtracted 5.7 psia
from 11.6 psia to obtain 5.9 psi.

2) We have taken into account restoration of gas nuclei via tissue
elasticity, an effect which is negligible for gelatin. This was
accomplished by allowing the crushing term to decay exponentially
with a time constant of 44 minutes, which is within the range of
30 - 70 minutes found by Aggazotti and Ligabue (1) for dog
gastrocnemius muscle to regain its original volume after being
crushed to 11 ATA.

Thus we have replaced Eq. 6 for gelatin by the new equation

Pgs® = 5.9 psi + 0.383 (py - Po) exp(-t/44 min) psi (humans)
(18}
where t is the elapsed time since the crushing or compression

occurred.

The a priori calculation of the gas tension 1 is straightforward
in the simple case of a homogeneous slab of gelatin having upiform
thickness and accurately known diffusion coefficient D. In humans,
on the other hand, one is dealing with a complex capillary-tissue
geometry and a diffusion coefficient that is poorly understood and
may vary with location, tissue type, time, and so on (10). Such
complexity in detail tends to obscure the basic simplicity of the
underlying phenomena, and we have chosen to avoid these issues at
this early stage by using an existing computer program, TAMU,
developed at Texas A&M University, to calculate the maximum value
of t(t), given as input an assumed set of tissue time constants oj.

In the calculations reported here, we have used three separate
sets of tissue time constants, all of which are at least partially
empirical. The first set consists of the single time constant gj =
75 minutes, which duplicates the single tissue type of the British
decompression procedures described in Work in Compressed Air Special
Regulations, 1958. The second set of time constants, 0y = 1 minute
and 02 = 128 minutes, was derived by Dieter (7) in fitting the
U.S. Navy Standard Air Decompression Tables of 1958 (17}. Finally,
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we have used a set of 12 tissue half times (7 /2 = 0.693 g) from
the TEKTITE saturation dive (bottom time of l% §ays, breathing
mix of 92.8% N2 and 5.2% 03, and depth of 100 fsw). The actual
half times are: 5, 10, 20, 40, 80, 120, 160, 240, 320, 480, 560,
and 720 minutes.

In Table VB-1, a number of decompression schedules are com-
pared for a depth of 200 fsw and a bottom time of 30 minutes. These
are:

1) U.S. Navy (18),

2) TAMU

3} Buehlmann {5),

4) Hills (12),

3} Royal Navy (14},

6) Fife (8)

7) Yount-GB (based on Eqs. 17 and 18 and a single exponential
time constant of 75 minutes from the British compressed air
regulations),

8) Yount-USN (based on Eqs. 17 and 18 and exponential time constants
of 1 minute and 128 minutes derived by Dieter from the U.S. Navy
tables),

9) Yount-TEKTITE (based on Egs. 17 and 18 and tissue half times
of 5, 10, 20, 40, 80, 120, 160, 240, 320, 480, 560, and 720
minutes from the TEKTITE saturation dive).

10) No Crush-TEK. {(which uses the TEKTITE tissue half times and
assumes no crushing, i.e., Eq. 18 is replaced by pgg* = 5.9 psi).

For the routine dive shown in Table VB-1, the Yount-GB and
Yount-USN schedules require nc decompression stops and surface in
3.33 minutes. This is too fast. The Yount-TEKTITE procedure, on
the other hand, is remarkably similar to that of Buehlmann in
profile and to those of the U.S. Navy, TAMU, and Buehlmann in
total ascent time. It is significant that a broad range of time
constants is required, even by dives of short duration, if Eqs. 17
and 18 are to be retained. Finally, the No Crush-TEK. decompres-
sion is unreasconably long, implying that a broad range of time
constants is not sufficient and that crushing should be taken into
account.

In Table VB-2, various decompression schedules are compared
with the original TEKTITE procedure. The other schedules were
calculated for an air dive with nitrogen pressure equal to that of
the TEKTITE schedule (air depth of 126 fsw). The TEKTITE procedure
was actually used by humans without incident. Also shown are the
predictions of the TAMU, Buehlmann, and Hills computer programs,
as well as the Yount-GB, Yount-USN, and Yount-TEKTITE calculations
just described. The Yount-GB and Yount-USN decompressions are
again too fast. The Yount-TEKTITE profile is very similar to that
of the original TEKTITE dive, although the total ascent time is
about 20% longer. This decreases to about 147% when the use of
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Table VB-2, Com

TEKTITE 100-fgw

saturation dive (l4~day bottrom time)
Times, Br
After

Parison of various decom

eathing Air, Min

Depth, TEKTITE TAMU Buehlmann, Hills Yount- Yount- Yount-
fsw 1973 GB USN  TEKTITE
__*________ﬁ____ﬁ_**__,__*____ﬁ_ﬁ_____1_____ﬁ____"___“____%____H_ﬁﬂ_m___
100~-90 10 0.33 0.33 0.33 0.33
90 60
85 90
80 100 259.00 41 23.00  39.00 319.00
75 110
70 120 331.00 209.00 45 26.00 44,00 350.00
65 360
60 140 355.00 327.00 49 27.00  46.00 376.00
55 160
50 160 383.00 296.00 55 30.00  50.00 408.00
45 10 Oxy
150 Air
40 130 416.00 352.00 29 32.00 55,00 445,00
35 20 oxy 28
150 Air
30 360 454.00 479.00 29 35.00  61.00 490.00
25 30 Oxy 32
150 Air
20 150 501.00 420.00 33 40.00 67.00 545.00
15 50 Oxy 36
120 Adr
10 160 559.00 721.00 39 44.00 76.00 614.00
5 60 Oxy 42
110 Air
TOTAL 2960 3258.133 2804.00 492 257.33 438.33 3547.33
(+170 oxy)
(3130)
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oxygen in the TEKTITE profile is taken into account by doubling
the oxygen time.

If the time constants used in calculating decompression tables
have any physiological significance, then presumably the full range
is present whether the dive is of short of long duration. It fol-
lows that the same set of time constants should be used universally
in any general computational routine. The fact that the Yount-
TEKTITE prescription gives sensible predictions for both the
short dive of Table VB-1 and the saturation dive of Table VB-2
suggests that this constraint is compatible with, and perhaps
even required by, the other assumptions (Eqs. 17 and 18) of the
a priori procedure.

While the a priori procedure apparently requires a broad range
of time constants, these need not be associated with tissue half
times per se. In particular, it may be possible to generate
sensible tables by assuming a broad range of restoration time
constants and, for example, a single tissue type. Justification
for such an approach can be found in the relatively long persistence
of the acclimatization observed among compressed air workers (19},
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C. ZERO-SUPERSATURATION APPROACH TCG DECOMPRESSION OPTIMIZATION:
B. A. HILLS

The fairly clear demarcation of the "bounce dive" curve leaves
little doubt that it is worthwhile to use mathematics to try to
formulate the optimal decompression of a diver following any expo-
sure in excess of the conditions represented by this curve. This
led to numerous calculation methods to which partial physiological
interpretation has been added later. Although some {rue mathematical
models have since emerged, the original Haldame (3) calculation
method still underlies the formulation of most decompression schedules
in common use today. There have been countless revisions of the
number of tissues, their half times and their M values, but what of
the methed itself?

Haldane Calculation Method

In the Haldane calculation routine, it is assumed that the rate
of elimination of inert gas from any tissue is proportional to the
difference between the tension of that gas in the particular tis-
sue (py, say) and its temsion in blood {(p, say). Thus the rate of
loss of tissue gas content (C) can be expressed as

dc/dt = -k{p¢ - p) (1)
where k is the proportionality constant.

This very popular assumption, which dates back to the original
Haldane approach (3), is perfectly reasonable if the rate~controlling
process is blood perfusion or diffusion across a single membrane (12).

However, what is much more serious in these conventional approaches
is the further assumption that the total gas content of the tissue
(¢} is then related to the tissue tension {pt) by Henry's law

C = Spg (2)

where § is the solubility. Substitution for C in Eq. 1, with sub-
sequent integration, gives the simple exponential form for the
change in py in which the half time of the hypothetical tissue is
then given by 0.693 S/k

i.e., App = Apgll = exp-(kt/S)] (3
for a change (Ap) in blood tension at time t=o.

All designers of diving tables are particularly familiar with
this very simple expression, yet its validity depends entirely upon
Eq. 2, i.e., whether we can substitute the total gas content for
the concentration in applying Henry's law. To be able to do so
we must be sure that the whole gas content has remained in true
physical solution.
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ends:

best and worst possible cases, respectively.

occurrence, basing decompression upon the few micro-regions, preo-
bably out of many million possibilities, where all gas in excess of
saturation has been ''dumped" into the gas phase.

possible™

This is the "worst

since not only does it represent the maximum amount of

gas which can separate from solution, but there is then the minimum
driving force for its subsequent elimination wvia capillary blood.
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If some of that gas is present as bubbles, or other forms of
gas separated from solution, then not only is Eg. 2 invalid, but
also the simple linearized expression for gas transfer (Eq. 3).

In the past, the argument has been put forward that there are no
bubbles present because the diver does not have bends, but this is
just not true. There is now nc doubt that "silent" bubbles can be
present in the asymptomatic diver. The evidence ranges from direct
observation by X-ray (5), Doppler detection (15), and conductivity
measurements (10) to numerous indirect methods, all of which show
that this also applies to the particular tissue type(s) responsible
for decompression sickness (9).

This casts serious doubt upon the use of the exponential
function to describe gas elimination. Hence the vast numbers of
M values needed in some of the latest modifications (2) to the
Haldane method are probably required simply to allow for the
inadequacy of the exponential as the basic time function. It must
be remembered that each constant is a degree of freedom in the
format, so there comes a time when there is little point in calcu-
lating at all. With as many as 600 constants, the method becomes so
empirical that one might just as well make a direct plot of depth
against time.

Gas Separation From Soluticn

The major objection to the Haldane calculation method is the
assumption that all gas has remained in true physical solution in
tissue. After a typical decompression beyond the natural or
inherent unsaturation of the tissue, we can expect regions of
supersaturation {see Fig. VC-1). These can then "dump" their excess
gas either into capillary blood or into the gaseous phase in regions
where nucleation has occurred. The philosophy behind decompression
is, therefore, one of changing environmental parameters in such a
way as to emphasize one path at the expense of the other, i.e., to
encourage gas in solution in tissue to diffuse towards capillary
blood rather than towards gas nuclei.

This leads to an infinite number of possible models, depending
upon the distribution of the bubbles or the nuclei as their sites
of potential growth. The mathematical complexity of approaches
based upon the growth of a single bubble (14) is quite horrendous
and even this treatment ignores desaturation of tissue by gas in
allowing for elimination to capillary blood.

However, the two extreme cases in the random nucleation
spectrum which underlies cavitation permit some form of mathemati-
cal description (see Fig. VC-2). The Haldane apptoach {(3) repre-
sents the best possible occurrence with no separation of gas from
solution until the tissue exceeds the metastable limit to super-
saturation described by the M value. On the other hand, the
"thermodynamic'" approach (6) represents the worst possible
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The concept of dumping gas into asymptomatic bubbles was con-
ceived (1) many years before the thermodynamic approach, but was
abandoned for an apparent lack of driving force in eliminating gas
separated from solutien. But let us take a look at what driving
force there might be, even after invoking the zero-supersaturation
principle.

Zero-Supersaturation Approach

Since oxygen is metabolized, any substitution of oxygen for
nitrogen at the alveclar level need not be reflected at the tis-
sue level. Moreover CO02 produced does not compensate, since it is
much more soluble than 03 and it is total gas tension, not concen-
tration, which determines the imminence of cavitaticon. This
tendency for tissue to remain unsaturated by gases with respect to
ambient absolute pressure is enhanced by the shape of the oxyhemo-
globin dissociation curve and has been predicted from measurements
of total gas tensions in venous blood and the composition changes
of subcutaneous gas pockets (4,16).

However, a more direct means of demonstrating an inherent
unsaturation in tissue under steady-state cenditions is provided
by the use of a constant-volume cavity in the form of a non-
collapsible plastic tube permeable to all gases and placed
subcutanecusly in animals (6) (Fig. VC-3). The various gases all
equilibrate with the adjacent tissue, so that the absolute pressure
within the capsule represents total tissue gas tension 12 hr after
any change in ambient pressure or in composition of breathing mix.

It is, therefore, most significant to find that, opening these
tubes after 24 hr, they have developed a partial vacuum relative to
ambient pressure. This did not change, day after day, even for
air breathing at normal atmospheric pressure. Moreover, this partial
vacuum relative to ambient pressure increased with change of pres-
sure or breathing mix roughly in accordance with the increase in
inspired POy (6).

If we now consider the subject in which this steady-state
partial vacuum has been established, and remove the rigid support,
the ambient pressure would now be directly applied to that gas.

In fact, the absolute pressure of the contained gas would now be
compressed by an amount equal to the partial vacuum, thus providing
that amount of driving force for its elimination via capillary
blood. Since pocket gas tensions of 0o, CO2 and Hy0 rapidly revert
to venous values after any pressure change, this inherent unsatura-
tion in tissue is largely imposed as a driving force for eliminating
the inert gas (6) (Fig. VC-4).
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Fig. VC=-3. Capsule which was deposited subcutaneously
to demonstrate partial vacuum developed and maintained
in living tissue under steady-state conditions (6).

Worst Possible Case

Having dispelled the old idea that there can be no driving force
for eliminating gas separated from solution, it can now be described
analytically (8) as

ﬂpNz = (1 - FINZ}P + ¢ (&)

where P 1s absolute ambient pressure, Fiyg is the volume fraction
of inert gas and c is a small constant relative to normal diving
pressures.

This expression is particularly interesting since it predicts
that there is a greater driving force for inert gas elimination at
greater pressure. Moreover, it implies that a diver should spend
more time at greater depth where he will have a greater driving
force, i.e., 4PNy is greater for higher values of P in Eg. 4,

This is the exact converse of conventional Haldanian reasoning
whereby the U.S. Navy, in particular, give their divers the largest
first "pull" towards the surface in the belief that they are then
establishing the greatest elimination rate, i.e., reducing p in
Eq. 1 to increase (dC/dt). This is fine, provided py is not reduced
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by cavitation, when a long first pull would be the worst thing they
could do.

Vitgl Experiment

This difference in the effect of pressure on driving force led
to a very simple experiment which can clearly differentiate between
the two approaches.

If a diver completes a standard U.S.N. table up to the end
of the advocated 20-ft stop, when he would be better off moving to
the 10-ft stop according to the Haldanian reasoning on which that
table was based, i.e., (-dC/dt) is increased in Eq. 1 by reducing p.
On the other hand, if the zero-supersaturation principle helds, the
diver should be able to complete his decompression in less time by
remaining at 20 feet and then 'dropping ovut' directly to the surface.
When tested at the Royal Naval Physiological Laboratory, goats
could decompress in less time when surfacing direct from 20 feet
than 10 feet, and in even less time when "dropping out" from 30 feet
(7). This is compatible with Eq. 4 and the zero-supersaturation
concept, but totally incompatible with Eq. 1 and, hence, with the
Haldane concept of limited supersaturation.

This result has led to the conclusion (7) that standard U.S.N.
schedules do not prevent cavitation, as the calculation method
would imply, but could be regarded as treatment tables, controlling
the volume of bubbles to below a pain-provoking threshold.
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Practical Implications

It does not matter whether the process controlling the rate of
uptake of inert gas by tissue is blood perfusion (Fig. VC-4) or
diffusion (Fig. VC-5); the zero-supersaturation principle cuts of
the total gas tension at the absclute pressure. This concept has
provided a better prediction (6) of bends cases in practical trials
of Haldane-type decompressions than the supersaturation concept on
which they were designed.

=~~~ « BEFORE DECOMPRESSION

=z \\
© - blood—
5 Gas \\ IMMEDIATELY AFTER
: S\
oL from solution \
& P+t e \
4 Ap N\
}‘E KFtC Gas in true M
2 physical solution AN\

-q O a

r

Fig. VC-5. Application of zero-supersaturation
principle to diffusion of gas into tissue from a
capillary. This shows how total gas tension is cut
off at a pressure just in excess of ambient absolute
pressure (P), b being a small correction for surface
tension and tissue compliance.

Decompression Optimization

Tt is easy to criticize the Haldame calculation method, or
even to show that the thermodynamic approach is more appropriate,
but how may we invoke the zero-supersaturation principle describing
the "worst possible' case to optimize decompression?

Taking the radial diffusion model as an example (Fig. VC-5),
this leads tec a format consisting of three basic steps:

1) Rapid decompression to the point of true saturation
of tissue by gases, i.e., just taking up the
unsaturation due to: (a) the inherent unsaturation
and (b) any failure of inert gas to equilibrate
between tissue and alveolar air.
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?) Cradual decompression in which depth is adjusted
such that the peak total gas tensicn just fails to
exceed it (Fig. VC-6).

3) Direct surfacing from about 25 feet, precipitating
gas, but to just below the pain-provoking dimensicas.

OPTIMAL DECOMPRESSION

P+b

Fig. VC-6. Demonstrating compu- xPrc
tation principle underlying
decompression optimization
based upon zero-supersaturation
concept.

L—+:>

This model results in the type of format shown in Fig. vC-7.
The feature (6,7) is that decompression is more efficient by
keeping the diver longer at the deeper stops and introducing further
stops deeper than advocated by U.S.N. tables. This is exactly
compatible with the experience of Okinawan pearl divers operating
in Australian coastal waters {(6). With no detectable medical or
scientific input, these people have devised purely empirical
diving schedules due to the economic incentive to minimize decompres-—
sion time. Moreover they regularly take 30-50% less time to decompress
than the U.S5.N. tables would suggest.

Computation

The steps for optimizing according tec the zero-supersaturation
principle have been programmed for the computer, which can then
provide a format for any combination of depth and exposure time,
e.g., that shown in Fig. VC-7. Tt is felt that the merits of the
appreoach are:

1) a fundamental physiological basis consistent with
the laws of physics,

2) no need to invoke more than one tissue type,

3} only two constants are needed, and hence there are
no more than two degrees of freedom.
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Fig. VC-7. Typical decompression profile derived by
application of zero-supersaturation principle to
radial diffusion model shown in Fig. VC-6.

The last point means that any data offers a much more exacting
test of the model compared with current calculation methods which
offer as many as 600 constants to fix, and hence require 600
degrees of freedom to make the Haldane model fit the data.

Oxygen Optimization

The ideal model predicts not only the optimal depth at any
time during a decompression but also the optimal compesition of
the breathing mix at that point. A continuous change of breathing
mix would not be practical, but a schedule of ideal times at
which to switch between four gas mixes is certainly feasible. How-
ever, this then requires another constraint by which to dispense
07 and hence an index based upon the imminence of oxygen toxicity.

One set of units for quantifying this further constraint is
provided by summing the pulmonary oxygen toxicity units (POTU's)
as defined by Lambertsen (13). However, these do not allow for
regression of the toxic effects of 02 upon switching to air breathing.
Hence another index has been derived, the cumulative oxygen toxicity
index (COTi) (11) which can regress upcn switching to a less toxic
breathing mix

COTi = Z(APO/T0%2)q (5)
This sums the changes in PIO; as fractions of the inspired oxygen

partial pressure (li0y) needed to induce marginal toxicity over the
same time span, decreases contributing negative terms. Thus the
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subject is more likely to show toxic manifestations than the dose-~
time curve used as a reference if the COTi exceeds unity.

This index is simple to program on the computer and, moreover,
it is relatively easy to integrate this program with the one for
optimizing decompression. Thus there is mutual interaction between
the programs with simultaneous optimization of both depth and
ingpired gas composition according to the two constraints, the
imminence of oxygen toxicity and adherence to the principle of
zero-supersaturation.
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D. PATHOPHYSIOLOGY OF DECOMPRESSION SICKNESS: KENT H. SMITH,
PHYLLIS J. STEGALL, AND BRIAN G. D'AOUST

Dorland's Medical Dictionary (23rd ed.) equates caisson disease,
compressed air illness and decompression sickness. It further
defines decompression sickness as a "disorder characterized by
joint pains, respiratory manifestations, skin lesions and neuroclogic
signs occurring in aviators, divers, and compressed air workers
following rapid reduction of air pressure." 1In light of present
information, this definition appears to be limiting, and rather than
introducing another category of "silent decompression sickness,"

I should like to generalize the definition as:

Any group of signs and/or symptoms which result from
a reduction in ambient pressure.

Many occupations require man to work under environmental pres-
sures other than atmospheric, each change of pressure bringing
problems of physiological and biochemical adjustment, some rela-
tively inconsequential, some potentially serious. If the reduction
of pressure is not carried ocut in a controlled manner, one or more
of the wide range of symptoms known as decompression sickness may
be produced. Although the fundamental physics and physielogy of
decompression have generally been understood, there still is insuf-
ficient knowledge and understanding to indicate the best practical
approach to be used to formulate safe decompression procedures
and uncertainty as to how best to effect treatment. Few decompres-
sion profiles now in use can be considered absolutely safe despite
many years of attempts to solve the perplexing decompression
problem. Until the exact cause and the pathophysiologic course of
decompression sickness is well defined, the solution to the problem
will continue to be as elusive as it has been for the past one
hundred years. Recent evidence indicates that gas emboli are
present in divers using "acceptable" decompression schedules and
that such separated gas has a variety of hematoleogical, vascular,
and tissue effects, any of which may not be sufficient te produce

symp toms.

Pain in one or more large joints has been the most common
clinical sign of decompression sickness. Pol and Watelle noted
in 1854 (37) that these limb pains were cured by returning the suf-
fering person to the raised pressure at which he had been working.
It was suggested then that the pain was due to bubbles formed, when
the pressure was reduced, from the gases which had dissolved in
the tissue fluids during exposure to raised pressure. To date,
this hypothesis has not been invalidated.

The failure of currently accepted decompression schedules to
prevent symptoms of decompression sickness has been accounted for
by Kidd and Elliott (22) as a result of 1) an error in decompres-—
sion theory, 2) an error in decompression practice, and/or 3) an
anomalous response of the individual.
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The magnitude of the exposure to pressure is not a reliable
guide for assessing the severity of a case of decompression
sickness (24), and cases may well arise from what may appear to
be innocuous exposures well within accepted minimum decowmpression
limits (1).

Whatever the cause of an inappropriate decempression, minute
bubbles of inert gas are thought te form, coalesce and grow,
exert pressure on nerve elements, interact with the hemostatic
mechanism, damage vascular endothelia and/or occclude some part of
the circulation, The presenting symptoms may be sudden and dramatic,
involving vital centers, or delayed, localized, and merely uncom-
fortable. Secondary effects of tissue damage and edema may bhe
superimposed on this picture.

Gag Uptake and Elimination

Since Haldane first proposed a systematic methed for calcula-
tion of decompression tables, it has been assumed that the body
saturated and desaturated symmetrically, that is, both processes
could be described by the same mathematical function. This was
challenged by Hempleman (15), on the basis of a number of repeti-
tive dive experiments with goats, which indirectly suggested the
presence of "silent bubbles," a factor long suspected to require
consideration. Theoretical predictions indicated that non-symmetry
in uptake and elimination would be expected if bubbles were present
during a decompression, because gas equilibration depends on the
presence of a gradient in pressure, which bubble formation would
eliminate. Le Messurier and Hills (25) further stressed this idea
and cited both physical experiments and the unusual diving practices
of native divers in the Torres Straits as evidence. However, until
1967 no experiment sufficiently direct to be conclusive had been
undertaken on surviving animals or men either to demonstrate
that gases were eliminated differently during acceptable decompres-
sion, or that bubbles were present in tissues and/or blood. Work
in this laboratory from 1967 to 1974 has provided significant new
perspectives on both of these questions. Studies by Spencer and
Campbell (44) demonstrated an effect of certain bronchodilatory
drugs in lessening the incidence of decompression sickness in
guinea pigs. Although the decompressions were extreme, they
demonstrated the importance of physiological and pharmacolegical
variables in the pathogenesis of decompression sickness.

Over the past three years our studies have provided estimates
of gas uptake and elimination rates in awake dogs, by direct
analysis of mixed venous blood imert gas content after compression
and decompression. It has been found (Fig. VD-1) that a decompres-
sion from saturation at only 33 feet of seawater (fsw) to the surface,
previously supposed to be without detectable effects, produces a
decrease in the apparent rate at which nitrogen is cleared from the
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Fig. VD-1. Mixed venous blood N2 content VNp ul/ml
in awake dogs plotted against time a: following
pressurization to 33 fsw (e); b: following decom-
pression to surface from saturation at 33 fsw (x);
and c: following gas switching to 20% 02-80% He in
tracheostomized dog at atmospheric pressure (o).

All lines are least squares fit of respective data to
equation Y = Bje~klt + Bze~k2t., Note functional
asymmetry imposed on N7 elimination by decompression,
Same results obtain at 66 and 100 fsw. Both pres-
surization and decompression were rapid with respect
to time scale (< 2 min).

tissues to the blood. This is illustrated in Fig. VD-2, where
observed and expected rates are compared.

The result is of major significance to the formulation of
decompression procedures, as it indicates that the decompression
itself is decreasing the rate of gas elimination. While these
studies were proceeding, other investigations attempting to actually
demonstrate the presence of bubbles were underway in this laboratory.

Critical Conditions for Phase Separation

It is not surprising that fundamental studies on bubble forma-
tion have provided little guidance in the design of decompression
procedures. Since Harvey's thorough studies (10), it has been
widely accepted that fluids can withstand tremendous supersaturations
without bubble formation, and yet in other cases some fluids
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Fig. VD-2. Fractional state of Ny saturation of mixed
venous blood (V) (sampled from pulmonary artery of
awake dogs) vs. time following compression to and
decompression from 33 (-—-), 66 (+++) and 99 (-—-)
fsw. Curves are based on least squares fit of data
to equation

Y (= Ny content) = Ble‘klt + Bze‘th
Similarity of all uptake (increasing) curves and all
desaturation (decreasing) curves despite different
pressures lends support to the data. Dissimilarity
of saturation and desaturation curves as a group
suggests effects of decompression on desaturation.
Mixed venous blood appears to desaturate much mere
rapidly than it saturates; however, calculation of
quantity of Ny which could be removed by venous
blood in any given time indicates that much N2
remains in the animal. Similarity of form of
isobaric desaturation curve to saturation curves
indicates that decompression per se induces
alteration in elimination rate. In this case
absolute pressure was 33 fsw (1 atmosphere) and
desaturation was accomplished by suddenly switching
breathing gas to 20% 02/80% He in a tracheostomized
awake dog. Only isobaric desaturation shows theo-
retically predicted symmetry with saturatiomn.

can exhibit bubble formation with supersaturations of only a few
percent. This suggests a difficulty in determining critical condi-
tions for phase separation (3). Recent work by Hemmingsen (14) and
D'Acust and Smith (7) indicates the importance of solubility as
well as supersaturation as a determinant of bubble formation.
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Supersaturations which are one-tenth of those allowed in a
20-min half-time tissue in man have been shown to produce bubbles
in vivo. Idicula (19) demonstrated bubbles in vivo in pigs pro-
duced by means of counter—diffusing an inscluble gas against a
highly soluble gas with which the animal was saturated. These
bubbles were present with supersaturations as low as 30% of one
atmosphere. 1Ikels (20) observed similar evidence using several
in vitro systems.

It has also been known that young salmon supersaturated with
air by dams spilling excess water or rapid temperature increases
in rivers are eventually killed by supersaturations as low as
20% (7). This effect takes several hours to become apparent in
experimental situations--a time which is much greater than the
saturation time of the fish. This suggests that not only the
degree of supersaturation but also the time over which a tissue is
exposed to the supersaturation is an important factor.

Detection of Separated Gas

Since decompression sickness had long been identified with
the unphysiologic evolution of gas from body stores in the form of
bubbles, techniques for the ultrasonic detection of gas bubbles in
tissue and blood were attempted that would allow their acoustic
visualization (Fig. VD-3). That bubbles were present in a diver
was not suspected until he presented signs of decompression sickness
prior to ultrasonic visualization of the bubbles. In the original
Doppler studies, Spencer et al. (44) implanted Doppler flow trans-
ducers on the posterior vena cava and descending aorta of domestic
sheep. They demonstrated that Doppler bubble signals in the pos-
terior vena cava preceded signs of decompression sickness. OQther
studies using this technigue supported the satisfactory use of the
Doppler in the detection of bubbles (11,28), The studies in our
laboratory (41) demonstrated that the longevity and sometimes the
character of the bubble signal were not entirely consistent with
the theory of bubbles in the vascular system. Assuming normal
conditions of diffusion were present (17), one would not expect a
bubble to remain in the circulatory system for the extended periods
of time during which the characteristic sounds were heard, Thus,
it was suspected that ccagulation particles in the cardiovascular
system were being detected by the Doppler system. We have subse-
quently demonstrated in this laboratory that bubbles were present
in many successful decompressions, but that these bubbles had an
effect on the hemostatic function and possibly on the integrity of
the wvasculature.

Effects of Inadequate Decompressiocn

Inadequate decompression may be either symptomatic or asympto-
matic, but even the latter can be associated with a severe patho-
genesis resulting in acute or latent sequelae. These may range
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Fig. ¥D-3. Schematic illustration of ultrasonic
Doppler bubble detection of gas emboli in pulmonary
artery or other vessel. Coherent ultrasonic energy
at 5 mH is shown beamed from 1 piezoelectric barium
titanate crystal into vessel through body wall.
Detection of reflected signal of 5 mH * Doppler
shift of 500 -~ 2000 Hz is accomplished by the other
equivalent crystal mounted at an appropriate angle.
Appropriate electronic circuits detect and display
Doppler shift frequency, a function chiefly of
incident angle and velocity of reflecting element;
amplitude is a function chiefly of "d" and other
geometric factors. When a bubble or particle of
different acoustic impedence passes through
insonified regions, a characteristic frequency/
amplitude combination or audible "chirp" which
depends on particle size, velocity and position in
the sonic field appears in reflected signal.

These events can be detected electronically and
counted by imposing certain types of signal proces-
sing. Result is a valuable tool for evaluating
safety of new and existing decompression procedures.
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from a simple transient consumptive coagulopathy, which is not
clinically manifested, to complete auditory loss, vestibular dis-
orientation, paraplegia, or aseptic bone necrosis.

Blood-Bubble Interaction

Agglutination of red cells in decompression sickness was
considered in 1937 by Swindle (47) and End (8). Other investigators
have more recently demonstrated that in severe decompression
sickness with vascular bubble formation, microthrombi involving
platelet aggregates occurred in a manner similar teo that seen in
disseminated intravascular coagulation (36). Platelet and red cell
aggregates were seen in the pulmonary vasculature of rats which
had decompression sickness. Similar thrombi were seen in the
pulmonary vessels of rabbits which had been infused intravenously
with air. Rats with artificially elevated platelet counts were
shown to have an increased incidence of bends, and serotonin
injected intraperitoneally into rats before decompression led to
a mortality of nearly 100%.

Interaction of platelets with surfaces was thought to be an
important stimulus in the initiation of thrombosis and consequently
was of considerable concern when intravascular bubbles were present
(31,34). Contact of platelets to surfaces has been shown to cause
release of their constituents which includes serotonin and nucleo-
tides such as adenosine diphosphate (ADP) (18,34,43). Released
ADP causes platelet aggregaticon and is thus impertant in the develop-
ment of a platelet mass (2,18). By these mechanisms, the stimulus
provided by contact with an appropriate surface is able to produce
a platelet mass without the precipitation of blood coagulation (9).
This platelet mass may serve as a focus for the initiation or
acceleration of the coagulation mechanism by leading to the forma-
tion of thrombin (32). Intra-arterial air infusion (36) caused
platelets to form soft friable masses of aggregates at the air-
blood interfaces. These aggregates did not form compact masses
but instead fragmented easily when they were washed away in a
flowing blood stream,

In studies by Philp et al. (34), serotenin, adenosine, ADP,
and air infusions all produced hypotension. In pulmonary arterial
embolism, active vasoconstriction and mechanical blockages of the
vasculature were said to cause rise of the pulmonary arterial
pressure (6,32). The vasoconstrictive substance, serotonin, can
be expected to play an important role in hemodynamics subsequent
to pulmonary vascular aero- or thrombo-embolism (27). Circulating
gas bubbles from decompression sickness are surely destined to
end up in some filtering organ such as the lung or liver, and
thus cause local and systemic hemodynamic effects.

Although nucleation and bubble formation can occur in the
arterial blood, it has been hypothesized by Lever (25) and shown
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by Spencer and Oyama (45) that gas bubbles pass through the pulmon-
ary circulation to the arterial system. This can occur if the
bubbles are small enough to pass through intrapulmonary arterio-
venous shunts which have a larger diameter than normal pulmonary
capillary vessels (33).

From hematologic studies done in this laboratory (42,40}, it
is apparent that hemostatic abnormalities do occur following asymp-
tomatic hyperbaric exposure. These abnormalities have been mon-
itored by following kinetic measurements of the survival of hemo-
static factors. Concentrations or platelet quantitative counts
reflect changes in storage pools and production rates as well, and
are therefore not reliable indicators of hemostatic consumption.
The finding of both increased platelets and fibrinogen utilization
in the immediate post—dive period suggested that a condition of
intravascular consumption was produced by diving {(Table VD-1}.

Table VD-1. Platelet and fibrinogen survival in swine during first
post-dive week

Platelet Fibrinogen
Observations Survival, Survival,
davs days
Controls 10 5.02 £ 0.13 4,12 £ 0.09
Baselines 5 2.78 + 0.41 3,21 + Q.50
Anticoagulation 2 3.58 + 0.02 2.64 + 0,05
Platelet Tnhibitors 4 4.80 + 0.29 3.63 + (0.31

Bath platelet and fibrinogen survivals were significantly
shortened following single asymptomatic exposure. Anti-
coagulants alone failed to prevent increased utilization
of these factors; combined anticoagulant-platelet function
inhibitors therapy did reverse consumption.

However, the fact that the consumption could not be prevented
by anticoagulation alone, as has been shown to he appropriate
therapy for other states of intravascular consumption, and that
prevention required combined therapy with heparin and platelet func-
tion inhibitors, aspirin and persantin (50,51), indicates that more
than a single mechanism was operating to preduce the increased
platelet and fibrinogen consumption. This was supported by the
findings that fibrinogen survivals returned to normal by the end
of the first compression/decompression exposure week (Fig. VD-4),
and that the continued abnormality involved only platelet consump-
tion (Fig. VD-5).
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Since earlier in the study there was some histologic evidence
of endothelial damage, a condition which has been reported by
others (48), the persisting shortemed platelet survival was
thought to be possibly the result of the platelet response to
vessel damage, with increased adhesion and aggregation to the site
of vascular injury. The prolonged time necessary for platelet
survivals to return to normal appeared to reflect the time required
for healing of the damaged vascular endothelium. The increased
platelet utilization which occurred in the immediate post-dive
period suggested that there might have been sufficient tissue
injury to release tissue thromboplastin into the circulation sc
that a minor component of intravascular consumption was produced.
Alternatively, changes in the microcirculation, perhaps due to
blood-bubble-induced flow changes, might have been enocugh to pro-
duce stasis in fibrin formation in areas of low flow. Subsequent
studies in our laboratory have demonstrated endothelial damage as
the result of inadequate decompression.

Lung and Blood-Bubble Tunteractions

The presence or absence of bubbles is clearly an important
factor which must be considered as potentially modulating, physi-
cally and physiologically, the rate of gas elimination both from
the tissues (16) and the lungs (45). There is also the possibility
that separated gas in tissues can produce local reactions, not only
changing local perfusions but also mobilizing the systemic
responses in the area. If this happened in the lung, changes in
VA/Q distribution could be expected. Tf has been shown by
Chryssanthou (4) that the lungs of animals with decompression
sickness can be the source of a smooth muscle activating factor
(SMAF) which can have deletericus effects when administered to
other animals. In this connection it is important to note that
the lung has been shown to have the ability residing at or near
the endothelium of the pulmomary vasculature, both to convert
angiotensin I to angiotensin II and te inactivate bradykinin.

This suggests that the lung plays a role as a physiological systemic
regulator (13,39)., Thus it is not difficult to imagine that the
concurrence of pulmonary gas embolism, either from decompression
sickness or aero-embolism, could cause the lung to mediate cardio-
vascular and ventilatory changes quite independently of the control
systems mediating its role as a gas exchange organ.

Bubbles, Blood, and Vestibular-Auditory Dysfunction

Diving-induced deafness and vestibular dysfunction have recently
been recognized as important problems in individuals exposed
to compressed gas atmospheres (21,12,29,38). The condition
encompasses almost every phase of human diving, from breath-hold
and shallow air SCUBA dives to deep saturation helium/oxygen dives,
Hemostatic and thrombotic problems have been propeosed as petential
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etiologic lactors which, according to McCormick, could largely
be prevented by the prophylactic administration of heparin (30).

It is interesting with respect to the aseptic bone necrosis
sequela described below that hemorrhage in the perilymph has been
correlated with the incidence of a vestibular attack and subsequent
cochlear~auditory dysfunction in dived animals (30). It was noted
that animals subjected to the same helium-oxygen dive conditionsg,
but not having attacks, did not show hemorrhage in the inner ear.

Aseptic Bone Necrosis

Aseptic bone necrosis, a latent sequela of inadequate decom-
pression manifested by localized destruction of selected long
bones in the body, has been studied extensively in our lahoratory
{(40,42,46) . Coagulation function studies, done on animals in
which aseptic bone necrosis was produced by compression/decompres-
sion exposures, have demonstrated a significant reducticon in platelet
and fibrinogen survival times. Platelet function inhibitors and
anticoagulants were used to prevent the hemestatic changes;
however, those animals in which anticecagulants and platelet function
inhibitors were used succumbed to the aseptic necrosis in a shorter
period of time with fewer compression/decompression episodes.
One hypothesis possibly explaining this event includes a hemor-
rhagic infarct at the site of the lesion as the reuslt of endothelial
damage. Fig. VD-6 demonstrates hemorrhage present in the bone

#a

Fig. VD~6. Hemorrhagic infarcts found extensively
in bones of swine exposed to inadequate decompression.
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following inadequate decompression. Aseptic bone necrosis is also
a sequela to certain bleeding disorders in human medicine unrelated
to diving.

The most common pain associated with decompression sickness 1is
deep bone pain, usually located at a juxta-articular position.
Rheologic impairment has been demonstrated (8,49} and the pain
associated with decompression sickness has been successfully
treated by using the infusion of low molecular weight dextrans
and heparin (5,23). These agents, by their platelet-function inhi-
biting action, anticoagulation function and lipemic clearing action,
can establish a more normal rheology in the affected area and
thereby reduce the pain. This is not dissimilar from the pain
experienced by sickle cell crisis patients for whom similar thera-
peutic modalities are used.

Technigues for determining decompression procedures are producing
a higher than satisfactory morbidity of decompression sickness and
bubbles in otherwise asymptomatic dives. S3ince the formation of
the bubble is clearly so instrumental in the etiology and pathe-
genesis of decompression sickness, it is essential that we conflirm
the blood-bubble-tissue interactions. The risks and hazards of
diving will remain until such time as certain fundamental concepts
of inert gas uptake and elimination, bubhle formation, and the patho-
physiological consequences of inadequate decompression are
demonstrated, defined and understood.
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E. HUMAN ASEPTIC BONE NECROSIS: D. N. WALDER

Although bone necrosis was first described in compressed air
workers in 1911 (1) and in divers in 1941 (4) it is only in recent
years that much attention has been paid to this insidious danger of
hyperbaric exposure.

As so many causes have been suggested for aseptic bone necrosis
in man, there is a danger of assuming that it is a non-specific
reaction of bone to some underlying common fault. To do so at
present would be a mistake, because cur knowledge of aseptic necrosis
of human bones depends so heavily on radiological evidence, which
can be misleading.

There can be no doubt that one form of aseptic bone necrosis
may follow exposure to a hyperbaric environment (as in compressed
air work and diving). Curiously, unlike decompression sickness,
the condition does not seem to be associated with hypobaric
exposure (as in high-altitude flight). The prevalence of bone
necrosis in divers appears to be related to the care with which they
decompress, since the prevalence in well-disciplined groups such as
the British Navy is only a few per cent (5), though amongst Japanese
diving fishermen, for instance, it can approach 60% (7). Our experi-
ence with 1,216 North Sea divers suggests a gross prevalence of
about 2%, of which approximately one-half are potentially disabling
juxta-articular lesions.

Although so far we know of no divers working in the North Sea
who have developed symptoms from their lesions, it would be prudent
not to be too optimistic. Current decompression procedures may be
reasonably satisfactory in avoiding serious bone damage following
"bounce" diving, but with the fundamental change which is occurring
in the pattern of commercial diving in the North Sea and the increase
in saturation diving it is impossible to forecast what the incidence
in the future might be. Our experience with British compressed
air workers shows that there is a marked difference between the
prevalence of bone necrosis in those men whase exposures have been
limited to less than four hours, as compared to those exposed for
more than four hours. 1In other words, as the man approaches satura-
tion the risk of bone damage becomes greater. It is also relevant
to point out that in the U.S., where great efforts have been made
in recent years to prevent the occurrence of bone necrosis in com-—
pressed air workers, not only were decompression times lengthened
but exposure times have also been shortened. For instance, the
Washington state tables limit the work periced to four hours or
less when the pressure exceeds 30 m equivalent water depth.

Because the widespread use of saturation represents a comparatively
recent change in the nature of diving, it is essential to continue
to study long bone changes in divers at least over the next decade.
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It has been suggested that bone necrecsis is in some way linked
to the presence of nitrogen in the breathing gas. If this were so,
using helium and avoiding nitrogen should reduce the prevalence
of bone necrosis, or even eliminate it. But, of course, to avoid
nitrogen altogether would have a profound influence on some of the
diving techniques currently being developed. However, the only
objective evidence avallable so far does not support this idea. In
a recent analysis of North Sea divers, a smaller proporticn of
those who had dived to less than 50 m {air diving) had bone necrosis
compared to those who had dived to greater depths {(helium-mixture
diving) as shown in Table VE-1.

Table VE-~1. Beone necrcsis in commercial divers,
depth and bone lesions (April 1975)

Depth, m No Bone Bone No. of
Lesion Lesion Cases

<50 361 1 362

50 or more 823 25 848
Total 1184 26 1210

x2 with Yates' correction = 7.39;
P < 0.01

A question which often arises is whether a diver who develops a
bone lesion should be advised to stop commercial diving. In the
British Navy (6) it is recommended that any diver who has "radiolo-
gical aseptic bone necrosis A (meaning juxta-articular lesions) or
B (meaning shaft lesions)', whether definite {'positive') or
uncertain ('doubtful') should, as a prophylactic measure against
further damage, be restricted to relatively safe diving. 1In
practice, such a person is excluded from trial and experimental
diving, and limited to dives using the diving tables of BR 2806
(the Diving Manual) above the limiting line, with a maximum depth
certainly not greater tham 75 m (250 ft). "Any person with an AT
lesion should he limited to oxygen diving breathing apparatus
Pattern 5562 until he can be assessed by SMO Underwater Medicine,
who will arrange clinical referral where necessary.' What is the
position with commercial divers? Disregarding any legal considera-
tions, the medical facts seem to be as follows.

Shaft lesions in themselves are not important, in so far as

experience indicates that they never lead to pain or disability.
It must not be forgotten however, that in a very few rare cases a
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shaft lesion has been claimed te be the seat of neoplastic change (3,
8). There is also a greater chance of a man with a shaft lesion
developing a juxta-articular lesion than a man without a shaft lesion.
The data on which this opinion is based are admittedly thin, but

they are the best we have. Of 38 compressed air workers with shaft
lesions who continued their hyperbaric exposures, 8 (21%) had
developed signs of juxta—articular lesions on subsequent radio-
graphic examinations. At the moment the man should be told the

facts but allowed to continue diving.

The presence of a juxta-articular lesion is important in itself,
and the man should be advised to give up diving. Some of these lesions
will undoubtedly progress and lead to collapse of the joint
surface with pain, disability, and secondary arthritis. Unfortun-
ately, it is not possible to predict from the radiographic appearances
which lesions will progress and which will remain stable, so0 we are
working on this aspect of bone necrosis at present. It seems pos-
sible, for instance, that these juxta-articular lesions which on
radiclogical appearance are known as dense areas (Al) are less
likely to break down than those which are described as linear
opacities (A3). 1t is hoped that eventually, either through more
detailed studies and more experience using radiographic techniques,
such as tomography, or by the application of bone scanning using
bone-seeking radioisotopes, it may be possible to determine when
a lesion can be said to have undergone complete repair and is there-
fore of no further potential danger.

To avoid further misunderstandings it should be mentioned
that "bone islands” are not the result of diving and certainly do
not give rise to symptoms even if they occasionally change size.
T'n a survey of Registry material carried out by Griffiths (personal
communication) the prevalence of bone islands in two groups of men
was compared. One group consisted of 100 commercial divers (ages
23-40) with at least 4 vears of experience whe had dived to
depths greater than 50 m; the other group consisted of 100 men
within the same age range who were declared medically fit for
compressed air, but had never before been exposed to pressure. No
statistically significant difference was found between the numbers
of bone islands, compared with the control group.

Any man who has been stopped from further diving will naturally
want to know whether that will prevent this juxta-articular bone lesion
from getting worse., The answer can only be, "No." Perhaps a pro-
longed periocd of no load-bearing by the affected joint might be
beneficial, though in view of the long duration necessary for this
treatment and the uncertainty of its success, it does not seem
reasonable to suggest such a line of management. What then is the
point of ceasing to dive? The reascon is simple. To have one
major joint disabled is quite bad enough; if another joint were
to be affected, the man would be faced with the probability of two
major joints in trouble and that is a severe disability. As has
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already been shown, men with shaft lesions have a high risk of getting
further lesions. When the figures for compressed air workers with
juxta-articular lesions are considered, those who continue to

undergo hyperbaric exposures stand an even higher chance (39%) of

more lesions developing, while stopping this type of work, as

might be expected, practically stops the occurrence of more lesions.

The fact that so many compressed air workers who have a bone
lesion and continue to expose themselves to pressure get another
lesion suggests that perhaps some men are more susceptible to
bone necrosis than others. This suggestion is also supported by
the fact that several of the compressed air workers with bone lesions
are known to have developed them after only one cor two exposures
to modest pressures. In general terms the risk of developing a
bone lesion increases the more times men expose themselves to pres-
sure {(Table VE-2).

Table VE-2. Bone necrosis in compres-
sed air workers (Clyde Tunnel)

Exposures <600 >600
Men with
bone lesions 22 41 63
Men without
bone lesions 90 70 160
112 111 223

Fxposures were at 18-34 psig;
x¢ = 8.22; P < 0.005

Much of the epidemiological data about aseptic mnecrosis of
bone due to hyperbaric exposure comes from our experience with
compressed air workers because the numbers, both in terms of men and
number of exposures, is much greater than with divers. Experience
so far suggests that the nature of the bone lesion is the same in
the two groups but that there is at least one interesting difference,
namely the distribution of the lesions. Juxta-articular lesions of
the femoral head are rare in divers, but in compressed air workers
they are about as common as lesions of the humeral head (Table VE-3).

One of the research difficulties has been trying to reproduce

this condition in animals by exposing them to decompression. On the
assumption that the condition in man is due to gas emboli, the
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Table VE-3. Distribution of bone lesions in compressed
air workers and commercial divers

% Teotal Lesions

Site
Comp. Air Workers Divers
(629 lesions (47 lesions
in 281 men) in 25 men)
Humeral Head 29 42
Femoral Head 16 2
Lower End Femur 40 44
Upper End Tibia 15 12

explanation for failure in animals may be related to the discrepancies
in circulation times and tissue clearance half times between the
animals and man, which would lead to short bubble life. We have
carried out some experiments in rabbits in which an intra-arterial
injection of glass microspheres of 60-u diameter have been used to
simulate bubbles (2). In the animals it has been possible to pro-
duce bone necrosis in the femoral head which appears to be similar

to that seen in man, so that this techrique offers one line along
which it may be possible to proceed in the study of this condition.

The more information which is obtained about human aseptic bone
necrosis, the more likely it is that a proper understanding of this
condition will emerge. Hopefully, it will eventually be possible
either to prevent this condition from occurring, or to make sure
when it arises that complete healing occurs.
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SESSION VI: CLINICAL STUDIES ON COMMERCIAL AND SPORTS DIVERS

A. INTRODUCTION: E. BECKMAN

The following group of four papers represents the results of
studies carried out by the Marine Medicine Division of the University
of Texas Medical Branch, Galveston, over the past year on a group of
16 commercial and two sports divers.

The two sports divers (C.M. and H.L.) were each seen during the
acute phase of thedir illness, i.e., within less than 24 hours after
the accident. The others were first seen in the chronic phase of
their injury. The post-injury interval varied from a minimum of
10 days (K.C.) to over 2 years, so that the degree of recovery
varied from the initial phase to being complete.

These papers represent the related observations made by the
consultants from various medical disciplines who collaborated in
these studies. 1In addition to the findings that are documented,
the patients were also referred to consultante in other specialties
as indicated. Tor example, four of the patients had complaints which
required referral for urogenital consultation. Thirteen divers were
referred to the radioclogist for consultation for the purpose of
being evaluated for divers' osteomnecrosis. Two of these divers had
suspected lesions, which were confirmed. 1In addition, two other
divers were found to have unsuspected juxta-articular lesions, and
two others were found to have suspicious lesions which require fol-
low-up study.

The fallowing chart (Table VIA-1) demonstrates the extent of the
multi-disciplinary evaluation carried out and also shows the multiple
lesions which were revealed in many divers by the use of the multi-
disciplinary examination approach.
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B. OTONEURQLOGIC FINDINGS: P. E. WINKELMANN, V. G. CARUSO, M. J.
CORRETA, J. T. LOVE, AND G. E. MILTENBERGER

Prior to 1960, many references to labyrinthine disorders
appeared in the diving literature. Unfortunately, few cases were
well documented. Vestibular and auditory symptoms were vague and
were only mentioned in passing. Since then, however, ceveral arti-
cles have appeared in which otoneurologic problems have been clearly
defined. These articles emphasize the importance of otoneurologic
diagnosis in divers and suggest both specific criteria for diagnosing
vestibular and auditory involvement, and reasonable hypotheses for
the mechanisms of injury (3,9-12,18-23,27-29,31). FEdmonds {8)
recently presented a detailed classification of the etiology of
vertigo related to diving and described the characteristic features
of each class. Based on cases reported in this article, we would
like to expand this classification and modify it slightly, as
shown in Fig. VIB-1l. We believe that our ability to localize
otoneurologic pathology results from the extensive and broadbased
test batteries we use to identify peripheral and central injuries
to the auditory and vestibular systems. We feel that these tests
or similar tests which we shall describe should be part of every
otoneurologic workup of injured divers.

Methods

Between September 1974 and May 1975, we examined 14 out of 18
commercial and sport divers who presented with auditory and vesti-
bular symptoms attributed to incidents which occurred while diving.
Eleven of these showed positive findings and will be reported on
in thig paper. The time between the incident and our examination
varied from 18 hours to 24 months. A complete history, physical
examination, routine audiometry, a central auditory test battery,
and a vestibular test battery were performed. Using this evaluation,
we found that we could classify cur injured divers according to
mechanism and site of injury, as shown in Fig. VIB-1.

Where practical, all patients were asked to fill out a Decompres-
sion Sickness and Air Embolism Questlonnaire. The questionnaire
specifically requests a detailed diving history, a description of
the incident, details of the dive, any treatment, and response to
treatment. Each patient was interviewed and a history of his present
illness and past medical problems was taken. In those cases where
patients were seen several months following the incident, detailed
medical reports were requested from the physicians who examined the
patient near the time of his diving incident.

A thorough otoneurological examination was performed, as out-—
lined by Busis (4). This consisted of a general head and neck
examination, tuning fork tests, tests of temporal orientation and
memory for person, place, and time, general motor and sensory
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VERTIGO IN DIVING - ETIOLOGICAL CLASSIFICATION
{Modified After Edmond’s)

Due to Unegqual Vestibular Stimulation Due to Unequal Vestibular Responses
1. Caleric 1. Caleoric
a. Unilateral external auditory 2. Barotrauma
canal obstruction 3. Abnormal gas pressures
{1" Cerumen 4, Sensory deprivation

{2} Otitis externa
{31 Miscellaneous
b, Tympanic membrane perforation

{1Y Shock wave
{21 Middle ear barotrauma of descent

{31 Forceful autoinflation
2. Barotrauma
a. External ear barotrauma of descent
h. Middle ear barotrauma of descent
c. Middle ear bareotrauma of ascent
d. Forceful auteinflation
3. Inner Ear Barotrauma
a. Fistula of the round window
b, Fistula at the oval window
4, Decompression Sickness
a. Peripheral decompression sickness
b. Central decompression sickness
c. Peripheral and central decompression sickness

A, Air Embolism
6. Miscellaneous

Fig. VIB-1. Classification of etiology of otoneurologic
injury to divers (modified after Edmonds (9)). Modifica-
tions include addition of fistula of oval window under
inner ear barotrauma, subclassification of decompres-
sion sickness into 3 categories, and addition of air
embolism.

function, cranial nerve function, cerebellar function, and deep
tendon and pathological reflexes.

Pure tone air- and bene conduction, speech, and discrimination
tests were performed. When a sensorineural loss was found, Bekesy
Audiometry, Short Tncrement Semsitivity Index, Carhart Tome Decay,
Alrernative Binaural Loudrness Balance, Articulation Gain Function,
and Acoustic Reflex Decay tests (1) were done to distinguish
cochlear from retrocochlear lesions. Routine pure tone and speech
audiometry is often normal in patients with localized or diffuse
central nervous system disease. Therefore, a central auditory
test battery as developed by Lynn, et al. (24-26), and modified by
Willeford (personal communication), was used in testing these divers.
This battery consists of four tests: the Binaural Separation and
Filtered Speech tests which have been correlated with temporal and
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parietal lobe pathology (25), and the Binaural Fusion and Alternating
Speech Perception tests which have been correlated with brainstem
pathology (24).

A vestibular test battery (VTB) which utilizes electro-oculography
to measure horizontal and vertical eye movement was administered to
each diver., Each diver alsc completed a vertigo guestionnaire.

The VTB includes oculomotor tests and vestibulo-ccular tests. The
oculomotor tests are pendular eye tracking (7), optokinetic eye
tracking (5), alternate gaze tracking (14), and static gaze (17}.
The vestibular end organs and vestibular nerve are tested by the
vestibulo-ocular tests in which the labyrinths are stimulated and
various parameters of the resulting electronystagmograms (ENG) are
analyzed., The vestibular apparatus are stimulated by bithermal
caloric, rotatory (torsion swing test) (13), and positional stimuli
(with the patient in different positions relative te gravity) (2).
In addition to static positioual tests, we use the Hallpike
maneuver to differentiate between central and peripheral pathology.
We interpret a classic Hallpike response (15) as a sign of peripheral
pathology. 1In all, we use the caloric test, the torsion swing test,
spontaneous eye movements, and the Hallpike maneuver as tests of
peripheral pathology. The torsion swing test, the oculomotor tests,
and failure to suppress nystagmus with vision (16) serve as our
differential tests for central vestibular system pathology.

Report of Cases
Case 1l: This 30-year-old experienced commercial diver made
repetitive dives to 168 fsw on July 10, 1974, His residual nitrogen
time from his previous dive was & min, and his total bottom time
on this dive was 15 min. He decompressed on a 170/20 (depth/bottom
time) table (30) and approximately 5 min after reaching the surface
noted the onset of blurred vision, dizziness, and difficulty
expressing himself. He requested recompression and was treated on
Table 6 (U.S. Navy Diving Manual) (30). He stated that after
treatment he felt slightly improved, but he continued to feel quite
unsteady while walking and was still having a great deal of dif-
ficulty with verbal expression. He was hospitalized for observa-
tion and further evaluation and discharged several days later with
a diagnosis of decompression sickness affecting the left vestibular
labyrinth., After returning home he hecame aware of persistent
bilateral tinnitus which was previcusly unnoticed, marked unsteadiness
in the dark, intolerance to loud noises, expressive dysphasia, and
clumsiness when trying to work with tools. He also reported that
he frequently bumped into walls and doors. His wife noted that the
left side of his face did not move symmetrically and that he had
become quite forgetful and short of temper. Physical examination
on September 26, 1974 revealed an apparently healthy adult Caucasian
male. The general ENT examination was normal. Mental testing
revealed impairment of recent memory. There was decreased sensation
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over the left side of the face and a mild-to-moderate left facial
weakness, with widenings of the palpebral fissure and nasolabial fold.
Motor strength was normal except for a mild drift of the left upper
extremity. Sensory examination was normal except for impaired
stereognosis and graphesthesia on the left. He walked with a
broad-based gait, was unable to walk tandem, had a positive Romberg
test, and demonstrated gross dysmetria and clumsiness, with rapid
alternating movements bilaterally. Separate neurological psycho-—
metric evaluation revealed an organic brain syndrome. Routine
audiograms showed a mild high-frequency bilateral sensorineural
hearing loss, unchanged from a pre-~injury study of October 8, 1973.
Performance on all four central auditory tests was poor. The VIB
showed possible ocular overshoots (14), asymmetrical pendular eye
tracking, and a 25% optokinetic asymmetry suggesting borderline
central vestibular system pathology. Repeated testing since that
time has shown no change in the above findings, and he is classified
as a case of central decompression sickness.

Case 2: This 32-year-old commercial diver with 10 years of
experience noted the onset of whirling vertigo at his 50-ft water-
stop while decompressing from a 60-min dive to 240 ft on a gas mix
of 14% oxygen, 86% helium on August 23, 1972, He vomited and
became confused. He was then brought to the surface in a basket
and was recompressed and treated on Table 6A (30). After treatment
he was still confused and continued to complain of whirling vertigo.
The following day he was recompressed to 165 ft and decompressed
at a rate of 4 ft/min. Following this treatment, he stated that
he felt much better and was much more alert, but was still experi-
encing intermittent episodes of vertigo. Since that time he has
noted balance and coordination problems, has had difficulty
remembering things, concentrating, and expressing himself, and
has suffered from increased irritability and sleep disturbance.

An otoneurclogical examination, performed on August 31, 1972,

showed anisocoria and retinal hemorrhages, as well as a broad-

based gait, a positive Romberg, and a past-pointing on the right.
ENG evaluation revealed a right-beating nystagmus, a positive-gaze
nystagmis, an asymmetrical torsion swing test, and a reduced
response on the right to caloric stimulation. Physical examination
on September 26, 1974 revealed impairment of memory, weakness of

the right upper extremity, decreased sensation over the right

side of the face, a decreased corneal reflex on the right, and a
spontaneocus right-beating horizontal nystagmus. In addition, he was
noted to walk with a broad-based gait and was unable to walk tandem
without difficulty. He past-pointed on the right and had poor fine
motor coordination. The hearing evaluation was normal. The VIB
findings included a pathological right-beating spontaneous nystagmus
(7.0°/s) and a pathological right-beating positional nystagmus in
whole body and head turn right and left lateral positions. The

VTB was readministered to this patient on February 8, 1975. At

that time of testing, signs of central pathology within the
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vestibulo-ocular system were noted., Specifically, an optokinetic
asymmetry of 27% (right beating greater than left beating) and am
elevated threshold (bilaterally) on the torsion swing test were
noted. WNo difference in caloric response was noted at this testing
and we suspect that central compensation of the labyrinthine peri-
pheral insult had occurred. On the basis of the labyrinthine
peripheral findings (August 31, 1972) and the central findings
(February, 1975), we classify this patient as a case of mixed
central and peripheral vestibular decompression sickness.

Case 3: On November 8, 1973, this 46-year-old veteran commercial
diver descended to 246 fsw on air for 12 min. Deccmpression
proceeded uneventfully until he reached his 10-ft stop, according
to his pneumofathometer, and found himself on the surface. He
then descended 10 ft on a weighted line and completed his last stop.
Approximately one hour after leaving the water, he was sitting in
the mess hall when he noted the sudden onset of decreased hearing,
high-pitched tinnitus in the right ear, and whirling vertigo
which rendered him unable to walk unassisted. He was then decompres-
sed and treated on Table 5 {(30). After 15 min of recompression on
100% oxygen, the vertigo subsided and his hearing improved. Fol-
lowing treatment he noted some decrease in hearing on the right,
but complained mainly of tipnitus. He continued to dive until
August 30, 1974, when he sought medical attention for persistent
tinnitus, hearing loss, and episodic vertigo. Otoneurologic
examination at that time was normal. Audiometrics revealed a right
sensorineural hearing loss of cochlear origin, and initial ENG
showed a right-beating spontanecus nystagmus with eyes closed, a
direction~changing positional nystagmus, an asymmetrical torsion
swing ftest, and a decreased response in the right ear to caloric
stimulation., Otoneurologic examination on April 10, 1975 was again
normal. Audiometric tests were unchanged (Fig. VIB-2), The
central auditory tests and vestibular test battery were normal.

This is classified as a case of peripheral vestibular decompression
sickness in which central compensation has occurred.

Case 4: On May 26, 1975, this 22-year-old nurse was sport
diving in the Gulf of Mexico at a depth of 30 fsw. She had been
swimming into a strong current for about five minutes when she
accidently dislodged her mask. She remembers trying to clear her
mask and aspirating seawater, but she was unaware that she was
ascending until she reached the surface. She believes that she
held her breath during this ascent. On deck she complained of
weakness, imbalance, and tightness in her chest. §She was able to
get to her cabin without assistance. Forty-five minutes later
she was found to be confused and semiconscious. When arcused, she
sald that she could not see and could not move her left arm. She
deteriorated rapidly and was comatose when placed in a chamber on
deck for recompression. Treatment on Table 6A (30) was begun and
she regained consciousness at about 100 ft, After 25 min at 165 ft,
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she seemed completely normal. She presented the next morning
complaining of imbalance, weakness and difficulty concentrating.
Examination revealed weakness of the left upper extremity, anesthesia,
and weakness of the left side of the face, and a positive Romberg
with eves ¢losed. Air fluid levels were present in the middle ears
bilaterally on otoscopic examination. The lungs were clear to
ausculation and percussion, and there was no evidence of pneumo-
thorax on radiographic examination. She was again treated on

Table 64 (30). Re-examination the following morning revealed
return of pinprick sensation in the left face and left arm although
thermal differentiation was abnormal and mild facial weakness
persisted. She no longer complained of imbalance and the Romberg
test was no lonper positive. There was also mild residual weakness
of the left upper and lower extremities. After her final decompres-
sion, pure tone audiometry showed borderline normal scores and she
was unable to complete the central test battery because of nausea.
The VTB showed a 227% directional preponderance, but failed to pro-
vide sound evidence of a central defect. The torsion swing test
showed depressed responses, slope and threshold in both runs

(Fig. VIB-3). This patient's eticlogy is classified on the basis
of the history and physical examination as a case of air embolism
causing vestibular symptoms.

Case 5: This 25-year-old policeman was sport diving on March
20, 1975. He made repeated descents to a depth of about 25 fsw and
noted no difficulty clearing his ears, though he customarily
employed the Valsalva maneuver to clear. Almost immediately fol-
lowing his final ascent he noted tinnitus and the sensation of ful-
Iness in his left ear. On the way home he began experiencing
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whirling vertigo which was associated with nausea and vomiting

and was precipitated by any head movement. He presented 24 hr
later with persistent tinnitus and vertigo and states that he could
stop the vertige only by lying down with his head slightly elevated
and turned to the right. Examination revealed a pale, dehydrated,
Caucasian male in his mid twenties. Although otoscopic examination
showed an air fluid level on the left, the Weber was midline, and
Rinne was positive at 256 Hz and 512 Hz, The neurological examina-
tion was normal except for cerebellar tests which could not be done
because the patient experienced severe vertigo when he closed his
eyes. The audiogram revealed a bilateral high-frequency loss which
was worse on the left. The VIB showed an 18.8°/s right-beating
spontaneous nystagmus (Fig. VIB-4). In additicn he had a 20% left
unilateral weakness and 28% right-beating directional preponderance
on caloric stimulation (Fig. VIB-4). A labyrinthine fistula was
suspected and an exploratory left tympanotomy was performed the
night of his admission. The stapes footplate was found to be
fractured and subluxed into the vestibule with complete disruption
of the annular filament as depicted in Fig. VIB-5. The stapes
footplate was returned to its normal position and the fistula

was closed with a fat graft taken from the lobule. The patient
felt almost completely better immediately after the operation, and
all vertigo and imbalance were gone by the third post-operative
day. He returned to light-duty work two weeks later. Two months
later the VTB remained abnormal with persistence of an 11°/s
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Fig. VIB=5. Case 5. Opera-
tive findings: stapes foot-
plate fractured across mid-
dle and subluxed inteo vesti-
bule; a perilymph fistula
was noted,
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tive ENG tracings: this figure
illustrates a right-beating
(18.8°/s) spontaneous nystagmus
and a right-heating directional
preponderance (287% difference)
caused by inability of left
warm caloric to reverse right-
beating spontanecus nystagmus.




spontaneous right-beating nystagmus. However, the patient has
remained asymptomatic and there has been a 20-dB improvement
in the pure tone threshold at 600 Hz and 8000 Hz. This case
illustrates inner ear barotrauma, probably from auto-inflation.

Case 6: This 34-year—-old man had been diving professionally for
14 years when he was injured on September 30, 19/3. When injured,
he was diving on air at 169 fsw. His compressor broke during the
dive, sending oil into his air hose. He had dyspnea and ascended
rapidly, developing back pain, nausea and vomiting, and losing
consciousness. He was decompressed on Table 5A (30), but his nausea
and vomiting persisted, associated with whirling vertigo. His
vertigo persisted and became episcdic, cccuring one to two times
per week. When first examined on December 5, 1974, his otoneuroclogic
examination was normal. He had a mild high-frequency bilateral
gsensorineural hearing loss, and his central auditory tests were
inconclusive. However, his vestibular test battery revealed marked
bilateral vestibular weakness on caloric testing. This was
reproduced on two occasions with no response to ice water calorics
on one occasion. Additionalily, the torsion swing test results
showed marked bilateral vestibular weakness. We classify this as
a case of bilateral peripheral vestibular decompression sickness.

Case 7: This 26~year-old professional diver had been diving for
two years when injured on October 27, 1974. Decompressing from
140 fsw during a water stop at 30 £t on air, he noted nausea and
pain and pressure across his face. He was recompressed for 10 min
at 40 ft on oxygen and felt somewhat better. However, while driving
home, he experienced whirling vertigo and a left facial weakness.
This resolved over the next three weeks. On May 20, 1975, when
first examined, his otonmeurclogical examination was normal; his
routine audiometry was mormal; and his central auditory tests were
normal, except for some possible asymmetry on his fusion tests.
His VTB showed a pathologic left-beating spontaneous nystagmus
which persisted in all head positions. His torsion swing test
revealed a Phase II (13) compensation for a right peripheral
vestibular lesion. Since his equivocal central auditory test
scores on fusion tests were not substantiated by other brainstem
signs or tests, we discount this finding and classify this as a case
of peripheral vestibular decompression sickness.

Case 8: This 27-year-old man had been a professional diver for
three years when he was injured on June 28, 1974. He had been diving
to 560 fsw on a helium-oxygen mixture. At a 165-ft decompression
stop, he developed whirling vertigo, nausea and vomiting, and an
associated erythematous skin rash and right knee pain. (He devel-
oped right knee pain on decompression 1 1/2 years before, but it
disappeared on recompression.) He was recompressed to 6 ATA for
8 hr. These symptoms resolved, but he remained unsteady on his
feet and frequently bumped into things. He also noticed trouble
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concentrating and expressing himself and trouble with recent memory.
He tired easily and had altered sleep patterns. Otoneurologic
examination on October 21, 1974, was normal. His audiogram was
normal. However, his central auditory test battery was markedly
abnormal for competing messages and filtered speech tests. These
results were substantiated by neurolegical psychometric tests
which revealed an orpanic brain syndrome with diffuse cerebral
involvement. The vestibular test battery showed both central and
peripheral findings. Central findings included asymmetrical
pendular eye tracking (7,6) as well as pocrly formed horizontal
optokinetic nystagmus. No-spontanecus nystagmus could be noted
during the VTB. However, the patient had no response to bithermal
calorics on initial visit with bilaterally depressed responses six
months later. He is classified as a case of peripheral vestibular
and central decompression sickness.

Case 9: This 32-year-old man had been a prefessional diver
for ten years when he was injured. He had suffered multiple epi-
gsodes of joint and cutaneous "bends" previcusly. After 38 min
at 196 ft on air, he suffered abdominal pains and right leg
numbness on his way up to the first decompression stop. He
was sent to 200 ft for 120 min and then decompressed to 40 ft
for 130 min on oxygen. Afterwards, his symptoms persisted and, in
addition, he became unstable on his feet. His otoneurologic
examination revealed diplopia on upward and downward gaze and he
could not converge. He had a broad-based gait. Audiogram and
central auditory test baltery were not performed. His VTB
revealed ocular dysmetria and pathological square wave eye movements
(18). In addition to his organic brain syndrome diagnosed on
separate psychometric evaluation and eophthalmologic injuries
diagnosed on separate ophthalmologic examination, we interpret
the above VIB findings as evidence of a central vestibular path-
way injury, possibly involving the cerebellum, and we have clas-
sified his case accordingly as central decompression sickness.

Case 10: A 38~year-old professional diver was injured in August
1974. He missed several decompression stops while ascending from
250 fsw on helium and oxygen. His total bottom time was 60 min.

He experienced vertigo and tinnitus without hearing loss. After
recompression, he still had imbalance. When first seen in April
1975, he still had constant imbalance while walking and steady,
high-pitched tinnitus in both ears. Occasionally, when bending over,
he perceived the room to spin violently. His Romberg tests were
markedly abmormal. His audiogram was normal except for a bilateral
sensorineural high-frequency sloping loss. His central auditory

test battery was normal except for low pass filtered speech which
may be abnormal as a result of the high-frequency sloping loss.

His VTBE revealed a 26% right unilateral weakness, and the torsion
swing tests suggested a centrally compensating peripheral lesion {(13).
This case is classified as a peripheral vestibular decompression
sickness.
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Case 11: A 3l-year-old male had been a professicnal diver tor
nine years when he was injured in January 1974. While being decom-
pressed from 200 fsw in a staged decompression chamber, he noted
numbness in his left leg and face. He was decompressed back to
200 fsw and had a total of three separate chamber decompressions
without relief of symptoms. When first seen in November 1974, he
had the same symptoms plus memory problems, trouble concentrating,
sleep difficulties, tinnitus, and imbalance. Examination revealed
a wide-based gait and abnormal cerebellar signs, including finger-
to-nose and Romberg tests, Routine audiogram was normal except
for bilateral sloping high-frequency sensorineural hearing losses.
His VTB was normal. However, his central auditory test battery
revealed abnermal Binaural Separation tests of 60% bilaterally
and abnormal low pass filtered tests of 50% bilaterally. His
Alternating Speech Perception test was 50%Z. The psychometric
testing revealed evidence of an organic brain syndrome, with marked
memotry impairment and a left-sided proprioceptive defect. This is
supported by the results of the central auditory test battery. On
the basis of the signs and symptoms, central auditory test battery
and psychometrics, we classify this case as central nervous decom-
pression sickness causing otoneurologic symptoms.

These cases illustrate the variety of injuries which may cause
otoneurologic symptoms in divers. Of the cases presented, four
were classified as having peripheral decompression sickness, three
as central decompression sickness, and twe as having both central
and peripheral decompression sickness. One diver had inner ear
barotrauma from an oval window rupture. One patient had otoneuro-
logic findings from an air embolism.
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C. THE NEUROLOGICAL MANTFESTATIONS OF DECOMPRESSTION ACCIDENTS:
PATRICK J. KELLY AND BRUCE H. PETERS

The study of decompression sickness (Caisson's disease} in
tunnel workers has suggested a wide variety of neurologic lesions (5,
6)}. Yet in decompression illness in commercial and military divers,
the general belief that primary spinal cord involvement is its
neurologic sequel has persisted into recent literature (3,7). 1In
view of the fact that the ultimate pathophysiologic mechanism in
each is vascular compromise with edema, hemorrhage, or infarction,
and that there is probably little difference between decompression
sickness in divers and in caisson workers, the disparity in the
neurologic picture seen in each group is illogical (4).

Methods

Thirteen patients, evaluated for other system manifestations
following decompression accidents, had complaints suggestive of
CNS disorder and were referred for neurologic examination. The
subjects were commercial divers who suffered decompression
accidents from six months to two years prior to evaluation at our
facility. The symptomatology and findings on routine neurological
examinations performed on these patients is reported below.

Results

Table VIC~1 is a compilation of the manifest symptoms. The most
common symptoms were headaches, personality changes, and deterioration

Table VIC-1. Symptoms of divers post-—
decompression illness

Headache

Personality change

Recent memory

Dysccordination Gait/Extremity
Expressive dysphasia

Extremity paresthesia
Extremity weakness

Hearing loss

Urinary

Vertigo

Wl B LN R 0 WD oo

n =13
of recent memory. Six of the 13 patients complained of symptoms sug-

gesting cerebellar midline and/or hemispheric involvement. Five
subjects complained of extremity paresthesiae and four complained
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of extremity weakness. Four patients complained of unilateral
hearing loss. Vertigo and urinary symptoms were each found in
three patients.

The findings on neurolegic examination are given in Table VIC-2.
Recent memory deficit, as evidenced by digit span testing, was seen

Table VIC=2. Neurological findings in
patients following decompression
illoess

Recent memory impairment

Nystagmus

Cerebellar sign 7
Midline 2
Hemispheric
Both 3

Brainstem

Hearing loss

Sensory loss

Pyramidal weakness

Negative exam

|
FN |

RS I L

n =13

in seven patients. Brainstem findings, such as facial weakness
and/or hypesthesia or gaze dysconjugacy, were found in seven
subjects. Cerebellar findings, such as midline {(truncal) ataxia,
hemispheric (limb) dystaxia, or a combination of both, were found
in seven patients. Pyramidal weakness with hyperreflexia, clonus
and the Babinski sipgn were found in four patients. Two patients
had a negative examination.

Characteristically, the patients did not exhibit findings
localized to one structural CNS locus, but had scattered findings
attributable to supratentorial, brainstem, cerebellar, or spinal
cord lesions, as demonstrated in Table VIC-3.

This can be illustrated by the following two cases.

Case 1. D.M., a 30-year-cld male diver with six years' experi-
ence, was examined after he had had a decompression accident.
Prior to his accident, he had been making repetitive air dives to
175 fsw. Upon arrival on the diving deck of the ship, he noted
visual disturbances, some difficulty in expressing himself, and
unsteadiness of his gait. He was placed in the decompression
chamber and given treatment on USN Treatment Table 6, and his symptoms
cleared slightly. Since that time, he has noted unsteadiness of

VI-228



Table VIC-3. Lesion sites in com-
mercial divers following decompres-
sion accidents as determined by
neurological examination

Neocortical
Cerebellar
Brainstem
Spinal cord
Negative exam

I L = =t =y

his gait, occipital headaches, and difficulty in expressing himself.
He also complains of poor recent memory and being unable to recall
the simplest bits of information, such as street addresses, phone
numbers, and so forth. His interaction with his surrcoundings

has been slower, he feels, and he noted difficulty in processing
his thoughts, word finding, and arithmetic problems. Paresthesiae
and weakness of his left upper and lower extremity with the upper
being weaker than the lower has been present since his accideat.

On examination, the patient was an apparently healthy male
who walked with a broad-based gait. He was unable to walk tandem,
and the Romberg test was positive. Tests of cerebellar hemispheric
function were performed poorly with gross dystaxia of upper and
lower extremities bilaterally. Mental status examination revealed
that the patient was oriented with fair judgment and fair grasp of
general information. His recent memory was impaired so that he
was unable to recall a series of more than four to five numbers in
digit span. Cranial nerve examination demonstrated bilateral
nystagmus on lateral gaze and facial hypalpesia on the left side
with a decreased corneal response. A left peripheral facial
weakness was also found. Weber testing lateralized to the right,
with air conduction being greater than bone conduction bilaterally.
Sensory examination revealed a decrease In graphesthesia and
stereognosis on the left side of the bedy with mild construction
dyspraxia. There was a mild left hemiparesis with a drift to the
left upper extremity and distraction, mild hyperreflexia and Babimski
on the left side.

Comment. This patient's findings suggest diffuse neurologic
lesions in the cerebrum, namely the temporal, right fromtal and
parietal lobes, the archi- and neocerebellum or those pathways,
and an intrinsic left lateral medullary plate brainstem lesion.

Case 2. L.A. is a 3l-year-old male who has been a commercial
diver for eight years. He had a decompression episode seven months
prior to his evaluation here following a 230-ft saturation dive.
While taking a shower after what was thought to be normal decompression,
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he noted numbness of his left hand and decreased sensation of the
left side of his face. On the next day, he noted clumsiness in his
left leg. Since that time, he has complained of poor control of

his anal sphincter, urinary frequency, nocturia, stress incontinence,
and a decrease in his urinary stream. He has also been impotent.

He also complains of bilateral tinnitus and reduced auditory

acuity in his left ear.

He has noted a recent memory impairment, and complains of dif-
Eiculty in expressing himself, being unable to find the correct
words to do so. He has noted a personality change: he is irritable
and short-tempered, when he had previously been easygoing.

Examination was grossly normal. Sensory examination revealed
hypalgesia to pin in the left leg and lower thorax to the T9 level,
with a mild degree of sacral sparing, though there was decreased
proprioception and vibration bilaterally in the lower extremities,
worse on the right than the left. ©Light touch was intact bilaterally.

There was no gross motor weakness, but the deep tendon reflexes
were brisker on the right lower extremity than on the left, and
there was a Babinski on the left. Gait was broad-based, and the
patient was markedly ataxic with tandem gait. Romberg was positive,
No cerebellar hemispheric signs could be elicited, however.

Rectal examination revealed decreased tone with no voluntary con-
traction. )

Comment. This case illustrates the type of problem commenly
asscociated with diving decompression illness, namely a spinal cord
lesion with a mild Brown-Sequard syndrome at the mid-thoracic level.
There are also temporal lobe limbic symptoms and findings, and
the suggestion of midline cerebellar involvement as well.

Discussion

In our experience, pure spinal cord involvement alone has been
rare In diving decompression illness. It appears that our
patients would fall into the categories delineated by Rozsahegyil
in his study of patients with Caisson's disease, in which he was
able to classify patients intc the following groups: 1) the
syndrome of multiple focal injuries to the whole CNS; 2) multiple
lesions of the CNS and upper brainstem; 3) injurles to the pons,
medulla, and cerebellum; and 4) the syndrome exhibiting spinal
lesions (5,6).

There is pathophysiologic controversy as to whether the neureologic
lesions are produced by arterial embolization of bubbles or by
epidural obstruection (1,2,3) and over the possibility that both
mechanisms might be involved in decompression ilness {(4). Spinal
cord pathology does occur following decompression illness, and
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statistically the spinal cord is a low probability target for
arterial emboli, whereas the distribution of the cerebral, cerebel-
lar, and brainstem findings involve lesions which could be explained
on the basis of embolic interruption of the arterial blood supply.
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0. NEUROPSYCHOLOGICAL SEQUELAE OF DIVING ACCIDENTS: HARVEY S. LEVIN

Sequelae of neurological forms of decompression sickness have
been amply documented in divers and caisson workers (7,8). The
disorders described by Rozsahegyi (7) include 1) multiple focal
injuries of the whole central nervous system (CNS); 2) multiple
lesions in cerebrum and upper brainstem; 3) injury to the medulla
oblongata, pons, and cerebellum; and 4) spinal lesions. The
original report (7) and a later paper (8) both emphasized the
frequent finding of neurotic and psychosomatic symptoms associated
with CNS decompression illness.

Rozsahegyi reported that his patients frequently manifested
irritability, anorexia, disturbance of sleep, alcohol intolerance,
sexual dysfunction, and forgetfulness. He alsc noted a psychosomatic
syndrome characterized by "pseudo-neurasthenia, hysteria, and patho-
logical change of personality." Neurologic complaints included
headache, dizziness, weakness, buzzing in the ear, and disturbance
of hearing. The observed association between neurologic deficit
and EEG abnormality with psychiatric disturbance led Rozsahegyi to
postulate that the latter was a censequence of an organic lesion
rather than of psychogenic origin. Psychiatric symptoms persisting
for several yvears following the onset of decompression illness
were restricted to cases in which clinical findings implicated the
upper segments of the CNS. The author stressed the importance of
careful clinical examiration in view of the possibility of widely
dispersed lesions of small size.

Although recent reviews of decompression sickness studies 4,7)
have indicated that CNS lesions in man are often apparently confined
to the spinal cord, it is plausible to speculate that subtle
behavicral effects are usually overlooked. Consistent with this
possibility, Biersner and Ryman (1) found that the psychiatric
incidence rate among U.S. Navy divers was over twice that
of a non-diving control group. In comparison with other Navy
psychiatric patients, a disproportionate number of divers were
diagnosed as having situational maladjustment. The present study
was undertaken to assess neuropsychologic deficits amd psychiatrice
disturbance in divers by utilizing quantitative behavioral
measures that are known to detect psychologic manifestations of
CNS injury.

Methods

Subjects. Fifteen commercial divers were given a comprehensive
neuropsychological evaluation as part of an interdisciplinary
clinical investigation undertaken at the University of Texas
Medical Branch, Galveston. All of the divers studied were males
complaining of symptoms following an accident; litigation was pending
in most cases. Of the total group, the clinical history was
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consistent with decompression illness in nine divers and hypoxic
injury in a single case., Five divers who sustained injuries which
did not cause signs or symptoms of CNS involvement were designated
as a control group for comparison with a group of é divers whose
complaints of CNS symptoms were substantiated by the test battery
(impaired group). An additional group of 4 divers with equivocal
neurcopsychelogical findings were excluded from the data analysis
for specific tests because their results raised the question of
contamination by a deviant response strategy.

Biographic data for the control group and impaired divers are
given in Table VID-1. Preliminary statigtical comparison with the
Mann-Whitney U Test did not disclose evidence of significant
group differences with respect to age, years of education, er diving
experience. Within the control group, divers were tested after
an average time period of 15.7 months (8D = 10.2)} following their
diving accident. The recovery interval for impaired divers (X =
11.3 months, 8D = 8.7) did not significantly differ from that of
the control group, U = 12. 1In view of these findings, the contrel
and impaired groups were compared on ccognitive and personality

Table VID-1. Compariscn of control and impaired divers on biographic
and performance measures.

Dependent Control, n=5 Impaired, n=6* Mann-Whitney

Variable X SD X SD U
Age 29.4 9.3 31.0 2.4 7.0
Education 12.3 1.1 12.4 2.0 14.0
Diving experience - yrs 7.8 9.0 8.5 5.7 13.0
Full Scale IQ 107.0 10.7 85.3 10.9 1.5%=%
Verbal Scale IQ 106.0 11.8 86.7 13.1 4. Q%%
Performance Scale IQ 107.4 9.2 82.8 11.1 0.0+
Wechsler MQ 105.5 11.6 79.0 16.0 4. Q%%
Forward digit span 7.4 1.3 4.6 0.6 0.0+
Supraspan total 34.2 6.4 20.9 3.5 1.0+
Supraspan slope 1.2 0.3 0.9 0.4 6.0
Supraspan Tjg 9.5 1.1 5.8 0.9 0.0k
Trail A, s 31.6 5.9 59.5 27.2 6.5
Trail B, s 68.2 30.1 126.0 24.9 1.07
Tapping-dominant 49.8 4.3 30.1  14.8 5.0
Tapping-nondominant 46.3 2.9 31.8 9.8 2.0t+

*only 5 impaired divers took the Supraspan test; #*%P < 0.05
(2-tailed); 1P < 0.01 (2-tailed); ++P < 0.005 (2-tailed)
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measures comprising the neurcopsychological test battery. Equivocal
patients were included only in the analysis of presenting complaints.

Procedures. Each diver was tested individually in a laboratory
under controlled conditions. The portion of the complete test bat-
tery included in this report includes the Wechsler Adult Intelli-
gence Scale (WAIS), Wechsler Memory Scale (11), Reitan Trail-
Making (2), Reitan Finger Tapping (6), Supraspan Digit Storage
test by Drachman and Leavitt (3), and the Minnesota Multiphasic
Personality Inventory (MMPI). The Trail-Making test consists of
printed circles randomly distributed on a sheet of paper. Trail A
is formed by the subject drawing lines to connect the circles in
numerical order. Line segments in Trail B must alternate between
numbers and letters enclosed in each circle, i.e., 1-A-2-B, etc.
Time required to complete the trail is the performance measure.

The Reitan Finger Tapping involved 5 trials of 10 seconds during
which the subject pressed a telegraph key with his index finger.
Mean number of taps for the dominant and nondominant hands was

the dependent measure. With the exceptlon of the Supraspan, these
instruments are standardized tests (10) routinely employed in
clinical psychodiagnostic assessment.

The Supraspan task was tape recerded and presented through
loud speakers situated in front of the subject. Three random
sequences of 12 single-digit numbers were presented at a rate of
1 digit per second for 5 trials each. The subject was asked to
repeat orally the sequence of numbers in the original order immedi-
ately following each presentation. Correct repetition of the
initial and final numbers in each series was credited as were cor-
rect items adjacent to correct first and last items in a series.
All groups of three or more items whose order corresponded to a
similar sequence in any location in the digit series were scored
as correct. Mean items correct for each of five trials were
calculated for the three sequences of digits. Performance measures
emploved for the Supraspan test were: 1) mean total number of items
correct across all five trials for the three segquences; 2) the
slope of the learning curve relating number of correct items to
trials; and 3) number of correct items on the fifth trial (Ts5).

A tape-recorded test of immediate memory which measured forward
digit span was given prior to the Supraspan task. Beginning with
a sequence of two digits, progressively longer random series were
presented for two trials each. The longest sequence perfectly
recalled at least once was considered the subject's digit span. A
single impaired diver was referred for evaluation prior to the
availability of the Supraspan tape.

Regults

Tnspection of Table VID-2 indicates a wide range of symptomatic
complaints of both a neurologic and psychiatric nature. Irritability
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Table VID-2. Frequency of neuropsychiatric com-
plaints by divers

Frequency Percentage
Anxiety 1 15
Reduced Concentration 2 13
Depression 2 13
Fatigue 3 20
Irritability 10 66
Decreased Libido 2 13
Sexual Dysfunction 4 27
Sleep Disturbance 6 40
Decreased Hearing 2 13
Numbness 5 33
Visual Distortion 5 33
Buzzing in Ear 7 47
Forgetfulness 6 40
Dizziness 8 53
Clumsiness 5 33
Headaches 4 27
Disturbed Word Finding 7 47
Muscle Twitching 1 7
Pain 3 20
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was the most frequently mentioned behavioral disturbance; informa-
tion obtained from the wives of the divers confirmed an intensifica-
tion of marital discord. Psychosomatic and depressive aspects of
the clinical picture also included sleep disturbance, sexual
dysfunction, fatigue, and depression. Table VID-2 shows that
dizziness, buzzing in the ear, word finding difficulty, and forget-
fulness were the most frequent neurclogical complaints. Memory
disturbance was often described in terms of misplacing household
cbjects or forgetting plans from one day to the next. Divers with
normal neuropsychological test findings tended towards fewer
symptomatic complaints (X = 4.0) than divers manifesting behavioral
deficits (X = 6.0) though the differance was not statistically
significant (U = 8.5).

General decline in cognitive functioning of the impaired
divers is suggested by their WAIS scores as compared to control
divers (Table VID-1). The difference is particularly impressive
on Performance Scale IQ, reflecting scores on timed tests sensitive
to motor speed, coordination, and appreciation of visuospatial
relations. Consistent with the possibility of reduced motor
speed, finger tapping using the nondominant hand was markedly
slowed in the impaired group whereas this effect was not obtained
for the dominant hand.

Figure VID-~1 shows the learning curves for acquisition of digits
on the Supraspan storage task. The impression of superior Supraspan
storage and forward digit span in the control group was substanti-
ated by statistical analysis (Table VID-1). The Wechsler Memory
Quotient (MQ), a composite measure of several short-term memory
subtests, was also lower in the impaired group. Although control
divers tended to complete both Trails in less time than the
impaired group, the difference was significant only for the more
complex Trail (B).

Standard scores on the MMPI were averaged within each group of
divers and are shown in Fig. VID-2. Elevations in standard scores
to 70 are two standard deviations above the standardization popula-
tion (standard score conversion yields a mean of 50 and standard
deviation of 10) in the pathological direction. Of the 10
clinical scales, 5 were elevated to at least 70 in the composite
praofile for the impaired divers, whereas the group profile of control
divers did net include a single elevation of this magnitude. This
pattern of results suggests severe emotional disturbance in the
impaired divers. Mean number of scale scores above 70 was 1.8 in
the control group (SD = 1.3) as compared to 4.0 (SD = 0.9) in the
impaired group; these means were significantly different, (U = 3,
P < 0.03). Acute distress, depression, and anxiety in the impaired
group are apparent in the profiles given in Fig. VID-2. These divers
also showed significantly greater somatic concern and disruption
of cognitive efficiency. Elevations on scales 7 (Psychasthenia)
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Fig. VID-1. Mean forward-digit span and Supraspan score
across trails in control and impaired divers.

and 8 (Schizophrenia) are compatible with ruminative, if not obes-

sive, thoughts and excessive worry in the impaired divers. Pairwise
comparison utilizing the Mann-Whitney U test confirmed significantly
higher scores on the Hypochondriasis (U = 3, P < 0,03) and Psychasthenia
(U = 2.5, P < 0.02) scales whereas the analysis of Depression

scores approached significance (U = 5, P < 0.08). The impression
gleaned from Fig. VID-2 of comparable scores by control and Iimpaired
diving groups on validity scales (e.g., ?, L,F,K) was supported by

the results of analysis which did not approach significant levels.

Discussion

Utilization of standardized psychometric instruments and experi-
mental memory tasks demonstrated the presence of residual neuro-
psychologic deficit in divers whose pattern of findings indicated
CNS involvement. Persistent cognitive impairment and psychiatric
disturbance were detected in several divers who were examined more
than a year following their diving accident and decompression
sickness.

Consistent with the description by Rozsahegyi (7) of the clinical
pilcture associated with decompression illness, impaired divers in
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the present study frequently complained of forgetfulness and
demonstrated a memory deficit on psychological tests. Assessment
also disclosed retardation of motor speed and decreased efficiency
of information processing and storage. Previous clinical observa-
tions of psychosomatic and neurctic symptoms {(7,8) were confirmed
by results or a standardized personality inventory and by interview
material. Psychologic malaise, depression, anxiety, somatic concern
and ruminative thinking were pervasive among divers who manifested
behavioral signs of CNS involvement. These characteristics were
absent or greatly attenuated in divers whose findings and clinical
history did not suggest CNS involvement.

Although the present findings accord with those reported by
Rozsahegyi (7,8), they deviate from the prevailing view that CNS
involvement in decompression sickness 1s essentilally confined to
the spinal cord (4,9). Tt must be recognized that the divers
included in this investigation were not a representative sample of
patients recovering from decompression sickness or diving accidents
in general. However, the results provide persuasive evidence for
the inclusion of neuropsychological assessment in future studies
concerning the sequelae of decompression illness. Quantitative

VI-239



behavioral measurement performed under controlled conditions may
uncover deficits caused by diffuse lesions which are not of suf-
ficient gize to consistently produce abnormalities on routine
neurcologic examination.
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E. VISUAL DISTURBANCES FOLLOWING DECOMPRESSTION SICKNESS:
MICHAEL E. LIEPPMAN

Twelve professional divers with visual complaints following
decompression sickness were evaluated, Severe accommodative and
convergence insufficiency heretofore unrecognized was detected and
studied. Accommodation refers to the adjustment of the eye for
various distances by alteration of the convexity of the lens,

The triad of accommodation, convergence, and pupillary constriction
is called "the near reflex' (5).

Blurry vision is a common complaint in bent divers (2). Air
embolism has caused known cases of central retinal artery ccclusion
with blindness (3). 1In cases this severe, the divers usually
died from other CNS bubbles causing vascular occlusion or hemerrhage.
Behnke showed that 100% 0y at three ATA for three hours caused
a transient constriction of the visual field to ten degrees (6).
Visual cell death, retinal detachments, and cytoid body formation
have been reported in animals subjected to 24 hours or more of
09 at high pressures (6). The blurry vision in divers was felt to
be due to vasomotor instability with decreased caliber of the veins
(15%) and arteries (10%) on exposure to 100% 0 (more under pres-
sure) (6)., Vitreous bubbles, tear bubbles, and nystapgmus are also
causes of blurry vislon. These three are all reported to clear
within cne month of the episode. Accommodative insufficiency is
another cause of blurry vision which has never before been described
in divers. Bietti descrlbed temporary accommodation deficiency
in high altitude pilots (1). The divers seem to have a more
permanent disability.

Materials and Methods.

The study group consisted of 12 divers, who were examined from
2 wk to 36 mo after their bending accidents. They were between
the ages of 26 and 46, and all but two had experienced symptoms
between 5 and 7 atmospheres, while breathing compressed air.

Ocular Symptomatology (Table VIE-1)}. Eleven of the 12 divers
complained of blurry near-vision and tired eves after 5 min of
reading. Thils was not relieved by their present optical prescription.
Half of the study group complained of episodes of non-formed flashes
of light and micropsia. Three of the divers had double-vision at
near, and the other two complained that their night vision had sud-
denly become poor after the accident. These complaints were all
studied subjectively as well as objectively.

Ophthalmic Examination. Microscopic exam of the anterior
segments, indirect fundoscopy, tangent screen fields, optokinetics,
color vision testing, refraction, and accommodation and convergence
measurements were performed on each participant im the study. The
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Table VIE-1. Ocular symptomatology: series of twelve case studies.

Symptom Per cent Importance
Blurry near vision 927 Accommodative insufficiency
Asthenopsia-"eyes 92% 1. Accommodative insufficiency
tire after 5 min 2. Convergence insufficiency
reading" 3. Premature presbyopia
"White flashes of 50% Occipital or parieto-temporal
light', episodic non- irritation
formed visual hallu-
cinations
Micropsia-"Things up 417 Accommodative insufficiency
close become suddenly Temporal lobe irritation
smaller, as if far
away"
Double wvisieon, 25% Convergence insufficiency

Diplopia at near

Nyctalopia 167% Possible sensory retina damage
(night blindness)

two divers complaining of night-blindness received dark-adaptation
studies and electroretinography. Near points of accommodation

and convergence were measured objectively and subjectively by the
push-up method on the phoropter, Accommodative amplitudes were
measured at 33 cm. Exophoria was measured by prism-cross-cover.
Fusional convetrgence reserve was measured by double rotary prisms
at 40 cm to break and to blur,

Findings.

All the divers corrected to 20/20 in both eyes. Four divers
with myopia had worn spectacles since childhood. The near points
of accommodation and cenvergence and their amplitudes were grossly
below the lower limits of normal in 11 of the 12 cases. A control
study of 8 divers who had never had decompression sickness showed
normal values of accommodative and convergence amplitude.
Tables VIE-2 and 3 are arranged in order of increasing time since
the accident. Table VIE-2 shows the dramatic abnormalities of
convergence and accommodation, while Table VIE-3 analyzes accommoda-—
tive convergence-accommodation ratios and exophoria. OSixty
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Table VIE-3. Optometric analysis

Phorias by
Case Apge AC Prism Cover Test
No. A (Prism Diopters)
Near Distance

1. 32 3.2 14 XT / XT

14 XT 4 ¥T
10 XT 4 XT

2. 32 3,2 7 XT Ortho.
3. 30 4.0 5 X Ortho.
4. 36 2.0 10 X 2 X

5. 27 4.8 3 X Ortho.
6. 26 4,2 5 XT 2 XT

7. 31 4.0 5 X 1X

8. 34 1.2 12 X Ortho,
9, 46 3.6 6 X Ortho.
10G. 32 3.6 6 X Ortho.
11. 32 5.2 2 X Ortho.
12. 28 5.2 2 X Ortho.

per cent show abnormal exophoria or tropia at near. Twenty-five
per cent show abnermally low AC/A ratios.

Table VIE-4 compares the abnormally low accommodative amplitudes
to the computed mean norm per age. Figure VIE-1 illustrates the
low accommodative amplitudes related to normal per age as described
by Duane's Curve. The near reaction was abnormal except for pupil-
lomotor function which showed the normal pupillary constriction
(near synkesis) upon stimulation of accommodation with the near
card at 33 cm.

One diver (Fig. VIE-2), followed at regular intervals beginning
two weeks after recompression therapeutics showed a slight improve-
ment in accommodative amplitude followed by a plateau at the
2-diopter level. A pharmacological experiment utilizing Carbachol
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Table VIE-4. Accommodative amplitude of diver compared to norm and
low norm per age (Hofstetter, 1968)

Case Age Diver's Computed Low Computed Mean
No. Amplitude Normal Normal
1. 32 1.00 7.00 8.3
2. 32 1.50 7.00 8.3
3. 30 2.00 7.50 9.5
4. 36 1.50 6.00 7.7
5. 27 3.00 8.25 10.4
6. 26 3.00 8.80 11.¢
7. 1 2.00 7.25 9,2
8. 34 2.50 6.50 8.3
9. 46 1.37 2.50 4.7
10. 32 2.50 7.00 8.9
11, 32 3.00 7.00 8.9
12, 28 5.00 8.00 9.9

and Physostigmine instilled in the eyes of & of the participants
showed that the accommodation lesion is not in the ciliary body,
ciliary ganglion, or lens, as it is in premature presbyopia. That
is, the lesion is not intraccular. This method was described by
Tornqvist in 1971 (4).

One of the two divers with complaints of night-blindness had
a depressed (abnrormal) dark-adaptation study. However, the
electro-retinogram was normal. Seven of the divers had some
form of nystagmus (pathologic). Three of the divers had lattice
degeneration of the retina, but this was probably present before
the accident.

Therapeutics. The symptoms of blurry near vision and asthenopsia
could be alleviated in all of the divers with reading glasses with
increased plus power and base—in prism. The two divers with
diplopia were also cured of that symptom by this therapy.

Several different medical regimens failed to alleviate the micropsia
and non-formed hallucinations.
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Fig. VIE-2. Accommodative amplitude related to
elapsed time since accident (Case No. 1}.

Primate Experiment. A Rhesus monkey was bent on a bounce
profile dive in a pressure chamber on three separate occasions.
Each time the animal was taken to 200 feet for less than 45 minutes.
Retinoscopy after the first two dives revealed a decreased hyperopia.
The animal died on the third dive, and the eves were removed and
studied pathologically to lock for signs of ciliary body changes
that would explain the accommodative insufficiency. None were
found. The following abnormalities were noted: retinal hemorrhages,
air bubbles in the anterior chamber, vitreous, cytoid bodies {cotton-
wool spots), and focal retinal detachment.
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Summary

A series of twelve divers with visual complaints following the
bends were evaluated., All had accommodative and convergence
insufficiency that did not clear with time. This is the first
report to describe this longstanding visual disability in divers.
Animal studies are now underway to localize these effects.

Address all questions to: Michael E. Lieppman, Department of
Ophthalmology, University of Texas Medical Branch, Galveston,
Texas 77550,

VI-248



1.

References

Bietti, G. Effect of increased or decreased oxygen supply in
some ophthalmic diseases. Arch. Ophth. 49:491-513, 1953.

. Lawrence, E. H. Diving medicine. New Eng. J. Med. 256:120, 1947.
. Margolis, G. A new ocular manifestation of oxygen toxicity.

In: Hyperbaric Medicine. Philadelphia: Brown, 1966.

. Tornqvist, G. Paralysis of accommodation. Acta Ophth. 49:

702, 1971.

. Vaughn, D., T. Asbury, R. Cook. The pupillary pathways. In:

General Ophthalmology, Lange Publishing Co., 1971.
Wada, G. Ocular manifestation under hyperbaric oxygen condition.
In: Hyperbaric Medicine, Philadelphia: Brown, 1971.

VI-249



CHATRMAN'S SUMMARY: E. L. BECKMAN

The papers which were presented in this morning's sessions have
clarified the problems which have faced investigators in diving
research for many years. For the first time it would seem that
these investigators have, in the vernacular, "brought it together",
sc that pressure physiology is becoming a single discipline and
is no longer divided into the problems of the caisson worker,
diver, and aviator.

I left the U.S. Navy research program in diving decompression
approximately 10 years ago. At that time the U.S5. Navy taught
that dysbaric osteonecrosis was a disease affecting only caisson
and tunnel workers. U.S. Navy divers, and those who followed
U.3. Navy air tables, were believed to be immune to this disease.

The Navy also believed that the U.S., Navy air diving tables
were sacrosanct, and that the use of the U.S. Navy diving tables
did not produce decompression sickness with any significant fre-
quency. More interesting was the belief which existed and has
persisted in the Navy (and which has even been quoted in this
symposium) that the CNS-type of decompression sickness which
affects divers involves only the spinal cord. We were taught
that in some miraculeous way the tissues of the brain were not
damaged. This belief persisted despite the excellent review by
Rozsahegyi (2), which enumerates the various lesions in the
telencephalic, diencephalic, mesencephalic, metencephalic, and
myelencephalic structures of the brain, which he observed both
clinically and at autopsy on caisson workers who had suffered from
central nervous system decompression sickness.

In the development of diving decompression tables, the "main
line" held that there were no such thing as silent bubbles or
bubble micronuclei despite the excellent work by E. Newton Harvey (1)
in 1948-50. The end point used in the development of decompression
tables was that of joint pain. This was rationalized to be a safe
end point because pain was believed to be due to only a single
bubble which lodged at some focus and produced painful symptomology.
Although these concepts did not hold together from a scientific
point of view, they were nonetheless an accepted doctrine.

When I left Navy diving research, T came to Texas and met scme
of my Navy diver friends who had alsco left the Navy and had become
commercial divers in the "oil patch". It was then that I learned
that commercial divers, such as my friends who were former U.S.

Navy divers, had problems with decompression sickness when they used
the U.S. Navy air tables below 150 fsw for working dives., 1

learned also that they regularly had trouble with decompression
sickness when they made repeated dives (i.e., one dive every 12 to
14 hours over a several day period), although still following
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"the book'. I learned too that the U.S. Navy helium diving tables
produced decompression sickness so frequently that the commercial
diving companies had developed their own helium diving tables. I
obtained bone radiographs of a few of the commercial divers
working in the Gulf who had been trained in the Navy and used the
U.S. Navy air tables and was surprised to [ind that some of

them suffered from severe dysbaric osteonecrosis. It began to
appear that the U.S. Navy air diving tables were indeed not
sacrosanct, and that their use might in fact produce dysbaric
osteonecrosis. I had an opportunity to examine some commercial
divers who had suffered from Type II, central nervous syltem
decompression sickness. They appeared to have lesions affecting
diverse parts of both brain and spinal cord.

The papers presented in these sessions mark a distinct advance in
the concepts of the physics and pathophysiology of decompression
sickness. Dr. Kent Smith's paper on the pathophysiology of decom-
pression sickness was an excellent summary of the present concepts
of this disease process as they are understood today. Indeed it is
not a disease caused by a single bubble, but one resulting from large
numbers of small bubbles which can be detected and grossly quanti-
fied by the use of the Doppler ultrasonic flowmeter. The number of
bubbles, and by inference, the volume of air dispersed within the
body has been related to the probability of the occurrence of
decompression sickness and the degree of severity which can be
expected. It is now known that bubbles develop during decompres—
sion from a "normal' U.S. Wavy air dive. These bubbles may produce
pathophysiology directly by obstruction of blood flow and
indirectly by damage to blood vessel walls, leading to changes
in hemocoagulation and ultimately to the production of platelet
and red cell thrombi,

The significance of these findings was further amplified by
Dr. Winkleman in his paper, '"Otoneurologic Findings." The group of
physicians which Dr. Winkleman represented studied injured divers
post-accident in accordance with the disciplines of their respective
specialities, i.e., otolaryngology, ophthalmology, neurology,
neuropsychology, radiology, nuclear medicine and internal medicine.
These clinicians have demonstrated that the lesions which occur in
divers who have developed severe decompression sickness may affect
many parts of the body simultaneously, i.e., lesions may occur in
several parts of the brain and spinal cord, as reported in the
neurclogical findings. Otolaryngologic studies revealed that the
so-called "vestibular hit" may result from a lesion in the peripheral
end organ, in the synaptic pathways of the metencephalic nuclei or
in the cerebral radiations of those nuclei, either singularly or in
mixed combinations.

In addition, the ophthalmologist, Dr. Mike Lieppman, revealed
that not only do visual disturbances result from decompression
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sickness per se, but he alsc suggested that the accommodative
dysfunction found in 12 of 14 divers was indeed a central lesion
and was probably associated with oxygen toxicity rather than decom—
pression sickness. 1In additien, the neuropsychological studies
revealed a degree of cerebral sickness. In addition, the neuro-
psychological studies revealed a depree of cerebral dysfunction

in many divers commonly called "organic brain syndrome" which was
undoubtedly related to multiple diffuse lesions of decompression
sickness, perhaps similar to the lesions of the punch-drunk boxer,
rather than to a single lesion.

Professor Walder reviewed the problem of dysbaric osteonecrosis
and related it to inadequate decompression. Not only did he
demonstrate lesions which occur in caisson workers, but also showed
similar lesions which occurred in divers. It is indeed apparent
that the human skeletal system does not differentiate between
inadequate decompression used by caisson workers and that used by
divers.

The paper presented by Dr. Pegg on decompression sickness during
the Aegir dive in Hawaii served to emphasize the limits of our
knowledge on decompression sickness prevention at the present
time. In these relatively long-term saturaticn dives, to 500
feet, four of five subjects suffered decompression sickness affecting
their joints during the decompression. The only thing that was
unique to this dive was the length of time (3 weeks) that subjects
remained under pressure. This period was considerably lenger than
that which was used by the U.S. Navy tc develop the saturation
diving decompression tables which were utilized by the Aegir medical
officers in decompressing their subjects to the surface.

The papers presented by Professor D. Yount, "The Physics of
Bubble Formation', and by Professor B. A. Hills, "Zero-Supersatura-
tion Approach to Decompression'', demonstrated the preogress in the
understanding of bubble formation in decompression sickness which
has been made possible over the past 10 years as a result of the
input of physical scientists and physical chemists. Indeed, the
studies of the laws of physics and chemistry which govern the
growth of bubbles are those belonging more to the domain of the
physical scientists and chemists than to the physician. The
concepts developed by Professor Yount and tested by the use of the
gelatin model for the first time begin to bring together the
ideas related to bubble nuclei and bubble growth as developed by
Harvey (1) 25 years age. These ideas have now been incorporated
into a concept for the prevention of bubble growth during decompres-
sion.

The use of these concepts in the development of decompressicn

tables was then degeribed by Dr. R. H, Strauss in his paper,
"The Physics of Bubble Formation: Implication for Improvement of
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Decompression Methods." He demonstrated how the physical principles
of bubble formation could be incorporated into a computer model for
the calculation of decompressicn tables. The relevance of these
tables was demonstrated by the use of the gelatin model, as well as
on a series of dives with human subjects. Similarly, Dr. B. A.
Hills' presentation, ''Zero-Supersaturation Approach to Decompres-
sion," pointed out the difference between the gelatin model and
human tissue. Since the living organism utilizes oxygen, there

is an inherent unsaturation of gas tenslon within the living body.
Professor Hills has utilized this unsaturation in developing
decompression tables for decompressing divers by controlled rate

of decompression so that no gas supersaturation can occur. On a
theoretical basis this procedure would result in a completely

safe decompression table so long as the model for the rate of

gas uptake and elimination in the body accurately models the values
which exist in the physical systems of the body. These concepts,
as usual, all need further validation and human testing, and all
clearly merit further evaluation and research; progress along

these lines should result in the development of a more accurate
physical and physiological medel for the prevention of decompres-
sion sickness during diving, working in caissons, and flying.
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