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Preface

The third major AAUS Workshop addresses the complexities of safe ascent rate.
The information contained in this monograph is the result of the combined efforts of nearly
fifty nationally recognized experts drawn from a variety of fields related to diving. The
papers and discussions reflect some differences of opinion with regard to the options
available to the diver when ascending from a dive. The message from these experts is,
however, quite clear. There is a risk associated with ascending to the surface following a
dive that can be minimized for the diver who will learn to exercise control over the
buoyancy characteristics of the equipment in order to be able to make a stop 15-20 feet
from the surface with ascent rates not in excess of 60 feet per minute. Once again, we are
indebted to a group of dedicated professionals who gave of their time and energy to
develop a position statement that represents the state of the art with regard to the
understanding of the importance of controlling ascent rate. As a result of this workshop we
have a clearer understanding of the known and the unknown that should provide guidance
for our training programs and challenges for our researchers.

A very special thanks to our hosts Terry Rioux at the Woods Hole Oceanographic
Institution and Anne Giblin at the Marine Biological Laboratory who provided an
outstanding facility for the workshop and to Mike Lang who has pulled mightily on the
oars to insure that the proceedings are not delayed on their path to the diving public.

Glen H. Egstrom, Ph.D.
President,
American Academy of Underwater Sciences



About AAUS

The American Academy of Underwater Sciences (AAUS) is a non-profit, self-
regulating body dedicated to the establishment and maintenance of standards of practice for
scientific diving. The AAUS is concerned with diving safety, state-of-the-art diving
techniques, methodologies, and research diving expeditions. The Academy's goals are to
promote the safety and welfare of its members who engage in underwater sciences. These
goals include:

* To provide a national forum for the exchange of information in scientific diving;

* To advance the science and practice of scientific diving; :

* To collect, review and distribute exposure, incident and accident statistics
related to scientific diving;

* To promote just and uniform legislation relating to scientific diving;

* To facilitate the exchange of information on scientific diving practices among
members;

* To engage in any or all activities which are in the general interest of the
scientific diving community.

Organized in 1977 and incorporated in 1983, the AAUS is governed by a Board of
Directors. An Advisory Board of past Board of Directors members provides continuity and
a core of expertise to the Academy. Individual membership in AAUS is granted at the
Member, Associate Member, and Student Member categories. Organizational membership
is open to organizations currently engaged in scientific diving activities. Maintenance of
membership is dependent on a continued commitment to the purposes and goals of the
Academy, compliance with the reporting requirements and payment of current fees and
dues.

*  For the diving scientist, AAUS provides a forum to share iriformation on diving
research, methodologies and funding;

* For the diving officer, AAUS provides an information base of the latest
standards of practice for training, equipment, diving procedures and managerial
and regulatory experience.

* For the student, AAUS provides exposure to individuals, agencies and
organizations with on-going programs in undersea research.

Scientific diving means diving performed solely as a necessary part of a scientific
activity by employees whose sole purpose for diving is to perform scientific research tasks.
Scientific diving does not include tasks associated with commercial diving such as: rigging
heavy objects underwater, inspection of pipelines, construction, demolition, cutting or
welding, or the use of explosives.

Scientific diving programs allow research diving teams to operate under the
exemption from OSHA commercial diving regulations. This reduces the possibility of an
OSHA fine and some concern regarding civil liability. Civil suits examine whether the
"standards of practice of the community" have been met. Diving programs which conform
to AAUS standards reflect the standard of practice of the scientific diving community and
allow divers from different institutions to perform underwater research together. This
reciprocity between programs is the product of years of experience, trust and cooperation
between underwater scientists.



EXECUTIVE SUMMARY

The Biomechanics of Safe Ascents represents the combined effort of a group of selected
experts in diving physics, physiology, equipment and training to address questions associated
with diver ascent rates. There was consensus that there is a risk to the diver. In recent years
the advent and increasingly wider use of dive computers, which require a variety of ascent
rates, to assist divers in making safe ascents, has lead to a basic question. What is a safe and
reasonable ascent rate?

The traditional ascent rate of 60 ft/min is based upon the United Sates Navy tables.
Presentations by formulators of the original United States Navy tables indicate that this rate
was a operational compromise between the fastest rate a hard-hat diver could be physically
hauled to the surface, and the fastest rate a free swimming diver could swim to the surface.
It also represented an ascent rate of 1 ft/min which could easily be calculated by the diver
and surface tenders.

Dissolved and free gases within tissues do not behave in the same manner. Models
indicate that bubble formation within tissues is initiated at micronuclei. The size and behavior
of these bubbles is determined by the degree of saturation and the rate of ascent. A slow
ascent rate has the advantage of maintaining the micronuclei under pressure, but has the
disadvantage of slowing the diffusion of nitrogen from the tissue. The "staged" diver ascent -
a relatively rapid ascent punctuated by stops at progressively shallower depths - approximates
the ideal profile of a gradual but continuously decreasing pressure. The objective of such a
protocol is to allow time for gasses to escape via the lungs and avoid supersaturated
conditions which lead to the formation of bubbles in the blood or tissues. However, testing
of human subjects has shown that dives conforming to U.S. Navy "no-decompression" limits
produced bubble nuclei in all subjects after all dives. The occurrence of these "silent bubbles”
was almost eliminated when divers stopped at depths of 20 to 10 feet for 1 to 2 minutes.

All of the data presented indicated that slower ascent rates decreased the likelihood of
bubble formation and that a shallow stop for a short period of time significantly decreased
the risk of pressure related injury.

‘Studies showed divers rarely ascend at rates as low as 60 ft/min. In practice, divers
generally cannot recognize an ascent rate of 60 ft/min, and too frequently relied on equipment
to replace adequate training in buoyancy control. The control of buoyancy is imperative in
attaining and maintaining a predetermined rate of ascent. Tests of scuba divers with fully
inflated buoyancy compensators showed rates of ascent ranging from 68 to 150 ft/min at
depths of approximately 10 feet, and increased to a maximum of more than 250 ft/min in the
last 4 feet of the ascent.

The technique of buoyancy control in wet suits or dry suits is exactly the same, that is
proper weighting and the adding or expelling of air to remain in neutral trim. Training is
required to reach and maintain a degree of proficiency. In dry suits an automatic exhaust
valve located in the upper portion of the torso is recommended. In wet suits added emphasis
must be placed on training the individual diver to recognize the importance of proper
weighting and maintenance of control of buoyancy. In addition buoyancy compensators should
be equipped with a rapid exhaust valve that can be activated in the horizontal swimming

position.



In the examination of the records of hundreds of cases recompression treatment for
pressure related injuries, approximately half were related to loss of buoyancy control. At
present, it would appear that divers do not have adequate equipment or training to allow
them to effectively monitor and control their ascent.

In summary, it has long been the position of the American Academy of Underwater
Sciences that the ultimate responsibility of diver safety rest with the individual diver. Divers
are encouraged to slow their ascents.

SAFE ASCENT RECOMMENDATIONS

1. Buoyancy compensation is a significant problem in the control of ascents.

2. Training in, and understanding of, proper ascent techniques is fundamental to safe diving
practice.

3. Before certification, the diver is to demonstrate proper buoyancy, weighting and a
controlled ascent, including a "hovering" stop.

4. Diver shall periodically review proper ascent techniques to maintain proficiency.
5. Ascent rates shall not exceed 60 fsw per minute.
6. A stop in the 10-30 fsw zone for 3-5 min is recommended on every dive.

7. When using a dive computer or tables, non-emergency ascents are to be at the rate
specified for the system being used.

8. Each diver shall have instrumentation to monitor ascent rates.
9. Divers using dry suits shall have training in their use.
10. Dry suits shall have a hands-free exhaust valve.

11. BC’s shall have a reliable rapid exhaust valve which can be operated in a horizontal
swimming position.

12. A buoyancy compensator is required with dry suit use for ascent control and emergency
flotation.

13. Breathing 100% oxygen above water is preferred to in-water air procedures for omitted
decompression.

v



Acknowledgments
Michael A. Lang
Workshop Co-Chair
1989 AAUS Symposium Chair

I want to specifically thank a number of people right now. First, the speakers for
preparing their presentations and sharing their knowledge and insight with the workshop.
In addition, I extend an extra measure of appreciation to those speakers who provided me
with a hard copy and floppy disk of their paper. It speeds up the compilation and editing of
these workshop proceedings tremendously. We foresee a three months turn around time for
this document, which should be available for distribution at the DEMA Trade Show in
Orlando, Florida, January 18-21, 1990.

I also thank the participants for their useful input and discussions. Very special
thanks goes to the scuba equipment manufacturers representatives: Dick Long (DUI), Bill
Oliver (SeaQuest), Mark Walsh (Dacor Corp.), John Lewis (DC's: US Divers, Oceanic),
Doug Toth (ScubaPro), Ron Coley (Suunto/SeaQuest), Bob Stinton (DUI), Karl Huggins
(ORCA-Edge). These companies and individuals have been very supportive over the years
of the AAUS efforts to increase diving safety. Thanks to Terry Rioux (WHOI) and Anne
Giblin (MBL) for making the local arrangements.

Compiling these proceedings and transcribing and editing the recordings was a
monumental, non-salaried effort. I wish to thank Maria, Michelle, Nicole and Sergio Lang
for their patience and support, and understanding for the many hours spent away from
them, locked up in the office. For this and other scientific diving projects, I very much
appreciate the encouragement and support of Don Short, Bruce Wingerd and the SDSU
Diving Control Board.

The following sponsors of the Biomechanics of Safe Ascents Workshop had the
foresight and support, and contributed funds to make this meeting possible:

» The American Academy of Underwater Sciences
» Diving Equipment Manufacturer's Association
¢ National Oceanic and Atmospheric Administration

Finally, I thank Glen Egstrom, AAUS President and Workshop Co-Chair, for his
efforts and thorough insight into the diving safety problems facing the diving community
today.



WELCOMING ADDRESS

Michael A. Lang

Biomechanics of Safe Ascents Workshop Co-Chair
Department of Biology

San Diego State University

San Diego, CALIFORNIA 92182 U.S.A.

On behalf of the American Academy of Underwater Sciences, I welcome you to
Woods Hole, Massachusetts, the Woods Hole Oceanographic Institution, the Marine
Biological Laboratory and the Biomechanics of Safe Ascents Workshop. This workshop is
the third in the series of AAUS Diving Safety Workshops. The first workshop was held in
November 1987 at the University of Washington, Seattle, and focused on cold water
diving methods, equipment, physiology and specialized training considerations. The
second workshop was convened in September 1988 at the USC Catalina Marine Science
Center addressing dive computer procedures, guidelines for use and the underlying
principles and algorithms. This year we aim to enhance our efforts to increase diving safety
in general and specifically examine ascent rates: physics, physiology, training and
equipment involved in bringing a diver to the surface.

The self-introduction of invited speakers, workshop participants, and their
affiliations acquainted the workshop with the workshop attendees. A brief program
overview was followed by administrative comments regarding workshop logistics and
proceedings.

The following sponsoring agencies have made this workshop and the dissemination
of the resulting information to the diving public possible:

* American Academy of Underwater Sciences (AAUS)
+ Diving Equipment Manufacturers Association (DEMA)
» National Oceanic and Atmospheric Administration (NOAA).



BIOMECHANICS OF SAFE ASCENTS WORKSHOP INTRODUCTION

Glen H. Egstrom

President, American Academy of Underwater Sciences
Biomechanics of Safe Ascents Workshop Co-Chair
3440 Centinela Ave.

Los Angeles, CALIFORNIA 90066 U.S.A.

It is really a pleasure to be here and once again see that the American Academy of
Underwater Sciences was able to mount an effort to deal with a problem that is both timely
and important. I am reminded of a couple of things that have happened in the past. One is a
quote that has become somewhat famous and is attributed to Jim Stewart who, when
observing about meetings of this sort said that frequently you get more information over a
cold beer in the dark of night than you do from the deliberations of the day. I hope you
recognize that this is not a workshop that is limited just to the structure of this particular
program, but that hopefully we will have an opportunity for people with similar interests to
be able to discuss these topics at length and with all candor. I am also reminded of another
quote where an individual made the observation that he had never encountered a problem,
however complicated, which, when viewed in the proper perspective, didn't become more
complicated. I really think that is part of the problem of what we are running into, because
when most of us in this room were trained as divers, life was really pretty simple. We had
one set of dive tables to contend with and they came from the bible, the U.S. Navy Diving
Manual. We had one ascent rate if you didn't read through the entire document too
carefully. Reading more in-depth reveals that perhaps there were some considerations for
some other ascent rates, but it was always "ASCEND NO FASTER THAN 60 FEET PER
MINUTE", which was somehow equated with the small bubbles, smaller bubbles, smallest
bubbles, or the person's best guess as to what that all amounted to.

One of the other things I believe we need to be aware of is an observation that was
made by Einstein who said: "you should always try to make things as simple as possible,
never simpler”. Our major concern at this meeting is that when we start to put all of this
information together, that we are, in fact, not only going to try to make it as simple as
possible, but are also going to have readily aware that what we are doing is probably going
to have a significant impact on what will take place within the instructional and possibly
even the scuba equipment design communities as they are involved in our underwater
activities.

These are not simple issues. Regarding this whole notion of ascent rates, if we
could just belt out a number and walk away from it, we wouldn't have to have this kind of
a workshop. What has taken place then is that we have been charged over the next two and
a half days with trying to clarify the issues regarding the rate of ascent, in order to
determine if it makes a difference if we come up faster, slower or at the rates of speed that
divers are currently using. We are going to become familiar to a degree with the mechanics
of bubble growth and formation, and how these processes act, in a manner that we have
not been exposed to before. Most of us have some generic sense of what bubbles are and
what they do, but, in fact, when looked at by the people who really have that particular
insight, it is not a simple issue.
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We also are going to be pressed to consider rationally the risk factors that are
involved because this is certainly where the game is being played today. We, as a group of
scientific divers and scientists who are interested in the issue of health and safety, are hard
pressed to be able to objectify all of the kinds of risks that are involved in our particular
sport. I think we do a better job than most, but in fact I believe that sometimes we have not,
perhaps, paid as close attention as we should to some topics. To other notions we have
paid too much attention because there is a significant body of myths that is operational. I
hope that we can factor out some of the myths, so that we can go away from Woods Hole
with a perspective that is going to be helpful to us all.

Basically, what we are charged to do is to try to quantify what we know and
identify what we don't know so that we can start to make progress in that direction. We
will, in this workshop, as I believe we did in the AAUS Dive Computer workshop last
year, establish a state-of-the-art, if you will. In other words, at this point in time, this is
what we know and understand and this is how we believe that it should be used in the best
interests of our sport and our industry. Today we are going to have a rare opportunity to be
able to get some historical perspective that I suspect could not be given by anyone other
than Dr. Lanphier. We are going to have the opportunity to be able to get insight into the
mechanics of bubbles, what they do and how they operate. We are going to be able to have
discussions that will relate to the equipment issues that impinge on this particular type of
phenomenon, as well as the training issues with which the majority of the people in this
room are very concerned.

I do make the observation again that when most of us started diving, life was really
simpler. I recall fondly the resistance that Jim Stewart had to adding any kind of flotation to
a diver. If you needed flotation, you would blow in your sleeve and catch the bubble up in
between your shoulder blades, which actually works just fine as long as you stay in the
horizontal position. The question was: "What are the tradeoffs associated with this
additional equipment that you wear and is buoyancy compensation really necessary?" We
have gone through a period of being concerned only with the business at hand, and as a
result, we now have gotten to the point where the envelope that the diver occupies in the
water column has grown larger and larger. A good portion of that envelope is associated
with a variety of gas containing equipment items (i.e. BC's, thermal protective suits, etc.)
Within this problem area we have seen a growing concern for the kinds of problems that
are going to be associated with ascent.

What I would also like to see come from this workshop is really an issue of some
magnitude, which is: "What are the optimal ascent rates for people that are involved in our
particular area of endeavor?” In other words, how fast should divers come up? "What are
the tradeoffs if they come up at unacceptable rates of speed?" I believe that we are going to
have a good deal of illumination in this area and for those of us who have been making
some statements for years, we may have to change those as a result of the interface with
facts.

I would like to finish this little portion of the exercise by saying that we all have the
opprotunity to deal with this topic in a framework where we will not have made up our
minds to the point where we are not willing to be confused by the facts because I believe
that there is still significant confusion and misinformation operational in the field today. We
are going to take two and a half days and hopefully some of the evenings to educate
ourselves on ascent rate facts.

With that in mind, we have asked Dr. Lanphier if he would be willing to share with

us some historical perspective and he was gracious enough to accept our invitation, so I
would like to welcome as first speaker, the Rev. Ed Lanphier.

4



A HISTORICAL LOOK AT ASCENT -

The Rev. Edward H. Lanphier, M.D.
Department of Preventive Medicine

U.W. Biotron, 2115 Observatory Drive
University of Wisconsin

Madison, WISCONSIN 53706 U.S.A.

In considering a question like Safe Ascent, part of the process is
understanding "how we got to where we are”. Having been in this field
since 1951, 1 hope to shed some light on this question from my own
recollections and other sources not widely available. For example, I was
part of the small but representative group that chose 60 ft/min as the rate of
ascent for the 1958 USN air decompression tables. Only recently, re-
reading parts of Sir Robert Davis’ rare but famous book, I learned that 60
ft/min had also been accepted long before.

Introduction

I believe that I am the second-oldest investigator still active in Diving Medicine and
Underwater Physiology. That probably entitles me to tell sea stories and try to portray what
diving was like back in the days when men were men. Here, however, I'll try hard to stick
to relevant information.

The main reason I'm pleased and grateful for being part of this Workshop is that the
work Dr. Charlie Lehner and 1 have done with sheep and goats has focused our concern on
the risk of central nervous system (CNS) injury from decompression sickness (DCS). This
risk appears to be greatest in relatively short, relatively deep dives - clearly prevalent in
both sport diving and scientific diving. It seems very likely that the pattern of ascent holds
the key to reducing the risk of CNS DCS. In fact, we are on the verge of starting a study
on this topic. This Workshop should help us decide just where to begin and what sorts of
procedure to investigate.

Ancient history

I haven't tried to go back beyond the early 1900's, but it is interesting to note that
ascent procedure was being argued even then. Prof. J.S. Haldane [1], whom we revere for
his fundamental work on decompression tables, had a worthy rival: an equally-notable
physiologist who was also deeply interested in decompression, Sir Leonard Hill [2].

Hill seriously questioned Haldane's stage decompression concept - especially
for longer exposures - and advocated uniform decompression - the "slow bleed”
approach, which indeed has prevailed in caisson and tunnel work and - much more recently
- in very deep diving. Also, we know now that Haldane was off base in supposing that
freedom from symptoms meant freedom from bubbles. It has even been suggested that
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Haldane's initial ascent produces bubbles that can slow the elimination of gas and cause
problems later. We obviously need to keep an open mind.

Early practice

Sir Robert Davis' classic book, Deep Diving and Submarine Operations [3] details
Royal Navy practices as of 1962 and before. The main thing I gleaned there is that the rate
of ascent to the first stop should not exceed 60 ft/min. The concern seemed to be less with
the rate of ascent itself than with the chance that the diver would miss his first
decompression stop if he were coming up too fast.

A copy of the Royal Navy's The Diving Manual of 1943 [4] confirms this. It also
has an excellent illustration of the contemporary hand-driven divers' air pump. The gauges
on the front (one for each of two divers) are especially important since the reading is
essentially equal to the diver's depth. The dive supervisor is instructed to consult the chart
inside the pump cover to determine the gauge error, then use the gauge to determine the
depth and rate of ascent.

The 1950's

I came on the scene at the Experimental Diving Unit (EDU) in 1951. At that time, it
was located on the Anacostia River in the Washington, D.C. Navy Yard. Soon, and for
some time thereafter, our "Bible” was a slender volume known as the Bureau of Ships
Diving Manual, NAVSHIPS 250-880, issued in 1952 [5]. Ascent at "not over 25 ft/min"
was firmly implanted there, and I have not been able to find out why that rate had been
chosen - or when.

The 25 ft/min rate was naturally reflected in Submarine Medicine Practice,k
NAVPERS 10838, issued in 1949 [6], and it never occurred to us to question that when
we produced a revised Submarine Medicine Practice, issued in 1956 [7].

In 1954, EDU had a most interesting visit by French naval officers from "GERS"
(Groupe d'Etudes et de Recherches Sous-Marines de la Marine Nationale). Most of them
had been associated with Cousteau. Later, one of these officers kindly sent me a copy of a
fine little book that they had produced: La Plongée, published in 1955 [8]. :

Going through La Plongée in preparation for this Workshop, I found some
interesting things concerning ascent. Allowing for my ability to translate, one statement
was that the duration of ascent to the first stop is an element in decompression. Another
was that divers with self-contained equipment are capable of ascending as rapidly as 60
meters/min - roughly 180 ft/min - but that as the surface or first stop is approached, this
speed should be considerably reduced.

 The section on ascent without stops presents depths and times resembling our "no-
D" limits. (A curve of these depth/time limits elsewhere in the book suggests a maximum
depth of 40 meters, where the allowable time is 15 min.). The text states that the diver
should always take at least one minute to traverse the final 10 meters of ascent. If the dive
was deeper than 40 meters, a short stop at 3 meters is indicated. "Negligence of these
precautions in general tends toward illness."
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The 1958 USN air tables

I remember one morning, probably in 1956 or 1957, when EDU personnel and a
selected group from elsewhere met in a borrowed room in the nearby Naval Reserve
Training building. The main topic concerned the proposed new USN Diving Manual; I'd
been designated as editor of Part I; others were being consulted about suggested content,
willingness to contribute, etc.

Decompression was definitely not the primary topic of discussion, but the main
reason for having a new diving manual at that point was to put forth the new air
decompression tables that Officer-in-Charge Maino des Granges and his merry band had
been working on. In any case, the proposed rate of ascent in the new tables became a hot
topic of discussion.

CDR Doug Fane, representing his West-coast Underwater Demolition Team, was
adamant in saying that his frogmen couldn't possibly observe anything as slow as 25
ft/min. What they wanted was more like 100 ft/min - or even faster. The hard-hat types
insisted that nothing of the sort would be practical for hauling up divers in suit and helmet.

Those involved in calculating the tables insisted that ascent was an important
element in decompression and that two complete sets of schedules would have to be
produced for different rates of ascent - and that doing so would be utterly impractical.

I'm quite sure nobody complicated matters further by asking for a variable rate. It
was assumed that one constant rate would apply between the bottom and surface or the first
stop.

In that setting, the two sides decided to compromise on 60 ft/min. That had the
merit of being one foot per second, and it seemed possible for a hard-hat diver to be hauled
up that rapidly and for a scuba diver to come up that slowly. Anyhow, the group decided
on 60 ft/min, and the calculations proceeded on that basis.

I doubt that Doug Fane or anybody else realized quite how slow 60 ft/min would
seem in practice. I suspect that Doug figured that coming up a little faster wouldn't really
hurt . . . and the hard-hat contingent probably thought that coming up slower than 60 ft/min
wouldn't matter much, either.

In any event, the calculator - presumably Dr. Bob Workman at that stage -
concluded that variations from 60 ft/min could make a real difference under some
circumstances - a difference sufficient to warrant some rules. I seem to recall that, as editor,
I had to squeeze those rules into the new Manual [9] in as intelligible a form as possible. I
did my best, but I never got to the point where I could remember them from one day to the
next myself.

The basic ideas were that if a diver tarried close to the bottom, he would take up
enough extra gas to require more time in decompression. On the other hand, if he came up
too rapidly, he would miss some of the decompression time that ascent at 60 ft/min would
have afforded. Adjustments were to be made accordingly.

In the current (1985) USN Diving Manual [10], the rules are basically the same; but
they are presented with examples that seem to help considerably in getting the ideas across.

I'll assume that most of you are familiar with more recent developments concerning
ascent, so this concludes my excursion into history.
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Current implications

It will be both interesting and beneficial to hear what the participants in this
Workshop believe and suggest concerning ascent. Basically, I'm most impressed by the
lack of solid experimental data on this subject. We must try hard to avoid "determining the
truth by voting on it in the absence of information" and setting up new procedures just
because they sound good.

At the same time, the need for better ascent procedures seems urgent, and there are
things that surely can't hurt and might be of some help - like a stop at 30 ft or less on
ascent.

To my knowledge, only Dr. Lehner and I have actual plans for looking into this
matter experimentally, and we will be doing so in sheep. This allows us to be more
provocative than with human subjects, but our conclusions will have to be checked
cautiously in humans. We hope that others will be able to undertake experimentation that
will supplement and check what we can do.
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INTRODUCTORY SESSION DISCUSSION
Discussion Leader: Glen H. Egstrom

Hugh Van Liew asked if there was evidence from the tunnel work that the "slow
bleed" really did work better than the stage decompression? Ed Lanphier responded that he
really couldn't answer that.

The next question 1nquired if there was a relationship of ascent rates and procedures
in preventing bone necrosis at deeper depths/times? Ed Lanphier answered that Eric
Kindwall would say that we didn't have procedures that would work for higher pressures
or longer exposures to really prevent bone necrosis. Furthermore, Hills had some data on
comparative approaches to decompression that he found quite convincing, but did not have
time to analyze those.

John Lewis wondered whether there was any testing that supported the Navy
procedures for omitted decompression. Ed Lanphier couldn't remember, it was too long
ago. "That is one disadvantage of being so old. 1 like to talk about my favorite vehicle,
which is a 22 year old camper van. Everything that could possibly happen to a Dodge van
has happened to Moby, but the problem is that I can't remember what a particular noise
actually meant, so it doesn't help a lot to have known him for so long".

Mike Emmerman asked if when the 60 fpm ascent rate came up, whether it was 25
fpm or 180 fpm and if there was any discussion or real data to determine whether it could
have been 300 fpm or 5 fpm? Ed Lanphier didn't think so. The approach to reality came in
the actual calculations where all they could say was that it made a difference what rate of
ascent they assumed. The rate of ascent we adopted, 60 ft/min, was part of all of the Navy
table testing that was done and we never really questioned whether that was a particular
problem or not.

Bill Hamilton noted that from the way Ed Lanphier described it, the 60 fpm ascent
rate was for operational reasons, rather than for optimal decompression. Ed Lanphier: Yes,
surely. If we had chosen something that sounded very fine from a physiological standpoint
but it wouldn't work for either scuba divers or hardhat divers, it wouldn't have made a
difference. But I think it is very important to understand that these things did not come
down from heaven.

David Yount stated that it seemed like the only implications from the theoretician's
point of view were that you'd have to add more or less time onto the stages. It wasn't that
there was anything intrinsically wrong with the faster ascent or slower ascent. Ed Lanphier
Well, we would have had misgivings about coming up much faster than 60 fpm, I think.
David Yount rephrased: What I'm getting at is if the theoretician takes the ascent rate into
account in calculating the tensions in these different tissues, then there is a particular
reason. Ed Lanphier: As far as the theoretician can see, there isn't any particular reason, 1
think, especially since we were following Haldane in those days and at that point we really
did not know. It took Spencer, quite a few years later, with his bubble detection to
convince us that freedom from symptoms did not mean freedom from bubbles. It is hard to
realize that this is fairly recent information.

Ed Lanphier was asked to recall what kind of a repetitive schedule the Navy was
testing. His response was that the schedules that were fairly well tested were in the diving
manual. "One thing a lot of people don't realize was the bind we were in for not doing as
many exposures we would have liked. We just didn't have the manpower or the time to do
it as thoroughly as we would have liked".
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Is there a myth around that the Navy tables were tested with only one, possibly two
repetitive schedules? Ed Lanphier: I think that might be true because that was the main sort
of thing that the Navy itself was concerned about, not about people diving time after time,
day after day.

Hugh Van Liew pointed out that when the tables were set up, there was a
tremendous bias to be thinking about tissues and whether or not the gas was washing into
them or out of them, and there wasn't any thought at all about bubbles. Ed Lanphier: That
is correct, because we thought that if we did it right, there wouldn't be any bubbles. Now
we know that they are probably there, at least in some of the schedules.

Phil Sharkey: Did some of the foreign systems develop similarly, with different
ascent rates applying to different tables which occurred in the same era, maybe also in an
arbitrary fashion? Ed Lanphier: I think you can almost bet on it. I don't have proof, but
how else could it have been done?

Hugh Van Liew wondered if there was any information from non-written systems
like the Polynesian divers that don't have tables but seem to be doing things right by
experience? Ed Lanphier: I think David Yount is the best one to field that question. Hugh
Van Liew: I wonder if primitive people who are diving successfully would favor a rapid
ascent or a slow ascent? David Yount: They would go rapid. Ed Lanphier said that when
you stopped to think about it, coming up at a specific, relatively slow rate like 60 fpm,
which is relatively slow as far as he was concerned, it is extremely difficult. "How are you
going to spend reliably and accurately 5 minutes at 10 feet unless you have a line with
weight and float and can hang onto it and sit there. Of course, the dive computers help that
now and if you have a good buoyancy compensator and are expert in using it, maybe you
can, but it is still so much more difficult than just coming up". Glen Egstrom added that he
had the opportunity to do some research with some of the Polynesian divers and it would
be his observation that they come up slower if they're carrying a heavy load and faster if
they are not. But the issue there, he believes, is that we don't know how many of those
people were getting significant amounts of decompression sickness. In Polynesia, they
have a malady called Taravana, which, as far as we could determine, really is acute
decompression sickness from coming up too fast from depths in excess of 50 meters. Their
bottom times are singularly short, but they make these rapid excursions to and from the
bottom with working times on the bottom of maybe 50 seconds. Hugh Van Liew: So, that
is breathhold diving which really is a different ball game. Ed Lanphier: Not totally. Glen
Egstrom: I wonder if it is from the point of view of ongassing and bubble formation Hugh
Van Liew: They have a terrible problem of getting oxygen into their lungs. Ed Lanphier
summarized that the kind of diving they do was very clearly on the verge where breathhold
diving can cause decompression sickness.

Glen Egstrom: Remember Paulev? Ed Lanphier: "I sure do". He was a Dane who
took a submarine crew up to the escape tank in Bergen, Norway, for training and in that
setting, he and several others developed what almost had to be decompression sickness and
they responded to recompression. They wrote an article for the Journal of Applied
Physiology, describing this whole thing. I was called in as a referee editor. I recognized
this paper as an extremely important first. It was the first time that decompression sickness
from breathhold diving had ever been reported. I assisted in rewriting the paper, it was
published and is one of the monuments of decompression literature. Glen Egstrom added
that the side issue to that was that Paulev described this experiment at the international
physiological conference in 1965 in Tokyo and his observation was that they were making
30m drops into the tank and didn't seem to be having any kind of a problem. Finally, they
were getting so tired they couldn't make it to the bottom and back up any more, so for the
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last dives of the series they were only getting down to about 20m. Everything seemed to be
alright, he got out of the tank, started to walk, collapsed, lost bladder, bowl, etc. They
rushed him to a chamber for treatment.

David Yount: One of the points you made was the "slow bleed". I'd like to make a
remark about that. On a typical exposure, if you had only one tissue that was activated,
then the ascent produces a certain delta p which is just barely enough not to produce any
bubbles. In the one tissue, at one time constant, the ideal way to surface is a straight line,
as you would get in a saturation dive. The saturation dive is characterized by one tissue
because it is so long. Only the longest tissue comes into play. If you have two tissues, that
would mean two different time constants where the first part of the dive is controlled by the
fast tissue and the second part is controlled by the slower tissue. What really happens is
you don't have a bunch of discrete tissues like ten different tissue compartments, but really
have a continuum of tissues and if you modeled it that way, you would have a smooth
curve. That is the slow bleed. The slow bleed is really the best way to surface if you have
an operational way of doing that, which you usually don't. Bill Hamilton commented that if
you're doing this on a saturation, you're only operating in the last compartment and you do
get a straight ascent. David Yount concurred. On a saturation dive where you have a
continuous range of tissues, the step function, versus straight ascent, is only an operational
artifact. It's only that way because it's hard in practice get the straight line. The slow bleed
really is the way to do it if you have control.

Ed Lanphier: One other thing to mention is that Ed Thalmann, in his calculations for
the Navy, came up with the idea that once you had bubbles in more than one tissue, then
the picture changed, and you ended up with a straight line. Bill Hamilton: Decompression
is not necessarily a straight line, it's the outgassing. Ed Lanphier: It's the basic assumption
that you no longer deal with an exponential curve. John Lewis: That presumes that the delta
p (pressure change) is acceptable. David Yount: As you approach the surface when you're
doing this, it's holding delta p constant. As long as you hold a fixed delta p in
decompression, you're keeping the bubble number constant, or you're controlling the
bubble volume. It's really delta p, it's not the ratio. John Lewis: You still have a ratio that's
greater than it should be at depth, than on the surface. Bill Hamilton: In some cases the
tolerable delta p expands as you go deeper, or it shrinks as you get towards the surface.
John Lewis: The larger tension 1s not acceptable, and I think that's perfectly logical.

Ed Lanphier: If I had said more about things we know are wrong with Haldane's
concept, I would have emphasized the fact that this 2:1 ratio, while pretty true in shallower
diving, does not hold when you go deeper. That is absolutely obvious. It is somewhere in
between delta p and the ratio. The ratios have to be more conservative than 2:1 as you go
deeper, but the delta p that you can get away with apparently gets a little bigger. David
Yount: Basically, the delta p is the threshold for bubble formation. It is determined by the
radius of the nucleus and the radius is connected to the delta p.

Glen Egstrom: I want to thank Dr. Lanphier for getting us off to a flying start.
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PHASE DYNAMICS IN DIVING
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Dissolved and free gases do not behave the same way in tissue under
pressure, and their interaction is complex. Differences are highlighted,
particularly with respect to time scales, gradients, and transport. Impacts of
free phases on diving are described, contrasting increased off-gassing
pressures, slower ascent rates, safety stops, and reduced repetitive
exposures as consistent practical measures within traditional models (limited
supersaturation) which can be played off against buildup of dissolved gas.
Simple computations illustrate the points. Using critical volumes as trigger
points lies between classical supersaturation models (tables and meters) and
nucleation-modern bubble models, that is, a realistic limit point divorced
Jfrom nucleation and stabilization for convenience. Such limit points can be
substituted for matrices of critical tensions (M-values) in table or meter
algorithms. Based on main concern of phase growth, we suggest that 60
ft/min ascent rates be retained for nominal exposures, and that safety stops
at 15-20 feet for 3-5 minutes are warranted, with stop time added to bottom
time when using tables. The USN tables are the reference point.

Introduction

Diving sectors (military, sport, scientific, commercial) employ a modified
supersaturation algorithm [1-11], often termed multi-tissue (different perfusion-dominated
compartments) or M-value (critical tissue tensions), and therein an issue [12-31] has
always been an incomplete treatment of gas dynamics. Concerns encompass all activity
when recent investigations [26-29] conclude that living tissues are persistent storehouses of
growth-excitable gas nuclei of sub-micron size, though problems surface more fully in
repetitive cases. When supersaturation models do not address free phases, they are not
optimal, nor global. As part fix-up, one might incorporate free phase limiters to make them
more predictive when extended outside tested ranges, though full blown nucleation-bubble
models appear preferable. Safety stops and slower ascent rates are other alternatives, along
with reduced no-decompression time limits and critical tensions. We examine some
possibilities, focusing on critical volumes, ascent rates, and safety stops, with a convenient
program (DECOMP) [20], offering various combinations of gas transport models
(perfusion-limited, diffusion-limited, both) and critical limiters (tissue tension, separated
gas fraction, free-dissolved gradient, bubble number). Results are compared with the
standard predictions of the multi-tissue algorithm. Safety stops and slower ascent rates in
the context of the supersaturation model are consistent with free phase limiters, though
perhaps less natural. For the future, we suggest that bubble models offer optimal bases for
tables and meters, and that testing and further development are warranted.
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Some regard safety stops, slower ascent rates, and increased off-gassing pressures
as consistent treatment practices for separated (free) gas phases, particularly near the
surface where reduced pressure enhances growth. Nucleation theory and experiment tell us
that on any given dive (compression-decompression), families of stabilized micronuclei
larger than a critical minimum size are always excited into bubble growth, so we must pay
attention to free phase development throughout the dive. Bubble growth criteria
automatically address both issues, via allowable pressure gradients, and are more realistic,
unlike critical gas tensions which the chemists tell us are ill-defined. We might think about
replacing M-values with bubble criteria instead of patching time limits, ascent rates, and
safety stops.

, Testing is central to diving, and much testing of bounce (single), no-decompression

diving has transpired. Repetitive and multi-day exposures can neither claim, nor reap, the
same benefits, and application of the algorithm in the latter cases has witnessed higher
bends statistics than in the former one. Reasons appear tractable. The multi-tissue approach
is a dissolved gas model, and so long as the bulk of tissue gas remains in the dissolved
state, the more correct and useful such an approach will prove. But as increasing
proportion of free phases grow, by direct excitation of critical micronuclei or more gradual
bubble coalescing transitions, the multi-tissue algorithm can lose predictive capability.
Invariably, such conditions attend diving activity extrapolated outside model and test
ranges, sometimes as a surprise.

The establishment and evolution of gas phases, and possible bubble troubles,
involves a number of distinct, yet overlapping, steps:

1) nucleation and stabilization (free phase inception);

2) supersaturation (dissolved phase buildup);

3) excitation and growth (free-dissolved phase interaction);
4) coalescence (bubble aggregation);

5) deformation and occlusion (tissue damage and pain).

In the past, much attention has focused on supersaturation. Recent studies have
shed much light on nucleation and excitation. Bubble aggregation and tissue damage are
difficult to quantify in any model, and remain more obscure. Complete elucidation of the
interplay is presently asking too much. Yet, the development and implementation of better
computational models is necessary to eliminate problems re-echoed in workshops, reports,
meter disclaimers, publications, and even a very slanted segment of 20/20 on ABC last
winter. : ~

History and background

Origins of diving regimens at sea level are traced to a supersaturation model
proposed by the eminent English physiologist, John Scott Haldane [1]. Observing that
goats, saturated to depths of 165 feet of sea water (fsw), did not develop decompression
sickness if subsequent decompression was limited to half the ambient pressure, Haldane
constructed schedules that limited the critical saturation ratio to 1.58 in each of five
hypothetical tissue compartments. The tissue compartments were characterized by their
half-life, =, that is, the time required for the compartment to half, or double, existent
nitrogen. The five original tissue compartments (5, 10, 20, 40, 75 minutes) were employed
in diving calculations for fifty years. Later, in performing deep dives and expanding table
ranges, workers, in particular the USN, advocated the use of six tissues (5, 10, 20, 40,
80, 120 minutes) in constructing diving tables, with each tissue compartment having its
very own critical pressure (M-value).
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Changes to the basic format were driven by increasing diving activity. New
compartments and M-values were added as existing schedules failed extrapolations. Today,
many slower compartments have been proposed in applications, with variable
decompression ratios at 10 ft increments producing many degrees of freedom (fit
parameters) to characterize the data. Yet, slower tissue compartments do not necessarily
give the model proper physical signatures. While the concern is free phase growth and the
hope is that slower compartments with smaller M-values will prevent growth, that hope is
not physically realistic from different vantage points. Yet, though the M-value approach
may not prevent bubble growth, it can represent an adequate treatment table for separated,
but still asymptomatic, gas [2,8,23]. In such circumstance, treatment (elimination) of free
phases tends to take place at shallower depths with present diving practice. Then, as
elimination becomes less efficient with decreasing pressure, safety stops and slower ascent
rates, tending to increase average pressure, appear qualitatively wiser practices. Further on,
quantification will be presented.

Certainly, any algorithm can be piecewise safe over tested ranges, but not always
globally. Some implementations, as pointed out by Weathersby [7], may not be statistically
rigorous, relying on much too small a set of exposure data to confidently predict outcome.
Models not strongly correlated with tests can promulgate wide variation in predictive
capability. Similarly, models can often interpolate within data, while failing to extrapolate
outside the data. And then we must modify procedures to accommodate the extrapolation.
A good point in question is the repetitive use of the USN tables. It is now clear [24, 25]
that single, no-decompression dives, followed possibly by one more repetitive dive, form
the test basis of the no-decompression parts of the schedules. Yet, we observe that multiple
repetitive dives permitted by the tables incur higher bends statistics, particularly in the
deeper categories. This results from both model shortcomings and less reliable statistics.
Adequate testing of any algorithm is always requisite, that is, descent rate, exposure
profile, ascent rate, surface interval, and repetitive loading.

Supersaturation model and dissolved phase dynamics

Multi-tissue computational algorithms are ultimately based on assumptions of
limited supersaturation in tissues, with gas exchange controlled by blood flow rates
(perfusion) in assumed homogeneous media. Tissue is first separated into intravascular
(blood) and extravascular (tissue) regions for modeling. Blood containing dissolved inert
and metabolic gases passes through the intravascular zone, providing both initial and
boundary conditions for subsequent gas transport throughout the extravascular zone.
Arterial blood tensions equilibrate rapidly with alveolar partial pressures, and venous
tensions then equilibrate with arterial tensions at a somewhat slower rate. Tissue tensions
fall somewhere between arterial and venous tensions during equilibration.

Exchange of inert gas by random molecular motion across regions of varying
concentration is driven by the gradient, that is, the difference between the arterial blood
tension, p,, and the instantaneous tissue tension, p. That behavior can be modeled in time,
t, by mathematical classes of exponential response functions, bounded by p, and the initial
value of p, denoted p;. These multi-tissue functions are easily accessed with hand
calculators, taking a very simple form, where A is the tissue decay constant, :

P =Pa+ (i - Pa) €xp (-M),

x:ln.z
T (1)
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Ten compartments with 2.5, 5, 10, 20, 40, 80, 120, 240, 360, and sometimes 480
minute half-lives, t, are routinely employed in application, and half-lives are assumed to be
independent of pressure. A one-to-one correspondence between the ten compartments and
specific anatomical entities is neither established, nor implied.

For very large values of t, tissue uptake and elimination of inert gas is relatively
slow according to the response function. For small values of 1, inert gas uptake and
elimination proceed much more rapidly. An important assumption built into the
supersaturation model requires intercellular diffusion of inert gas to occur rapidly compared
to time scales of 1, so as to not significantly limit, nor effect, the gradients driving gas
exchange. The only controlling factor is assumed to be the perfusion rate. To maximize the
rate of uptake or elimination of dissolved gases, the gradient, simply the difference between
instantaneous tissue tension and ambient pressure, is maximized. Historically,
maximization gives rise to a long (first) pull to the surface. Maximization of the gradient,
however, must never permit gas buildup above empirical limits.

Fits to the exposure data, mainly for no-decompression diving, limit degrees of
compartment supersaturation by critical values, M, having a typical modem range, 122 <M
< 36 fsw, notably of American origin. Critical gradient criteria require differences between
the tissue tension and ambient pressure, P, to remain less than another critical trigger point,
L. Gradient criteria can be linked to laboratory tests while critical tensions are empirical and
not well defined. In decompressed gel experiments, Strauss [19] suggested that L = 14
fsw, for all pressure. Even in the early times of Haldane, Hill [9] opted for a fixed gradient
near 24 fsw under nominal loadings as a realistic constraint. Thermodynamic tables [8] and
recent bubble formation-regeneration tables [ 18] employ variants of L effectively.

Critical gradients are more easily linked to bubble mechanics than critical tensions,
but critical tensions enjoy widespread popularity in diving applications. Yet, © and M are
not fundamental. Sets of half-lives and critical tensions evolved from self-consistent
application of Equation (1) to sets of exposure data, that is, trial and error bootstrapping of
model equations to observed exposure time limits. Newer compilations ultimately extend
older ones in like manner. For instance, the sets of critical tensions, M, detailed by
Workman [4] and Bithlmann [3] for arbitrary compartments at depth, as well as the later
compilations of Schreiner [5] and Spencer [6], along with the response function, are
popular realizations of the algorithm. The Workman (USN) critical tensions are plotted in
Figure 1 as a function of ambient pressure for a chosen set of tissue half-lives. They are
linearily increasing functions of pressure, and were tested at sea level (P = 33 fsw).

Biihlmann, [3] and Bell and Borgwardt [10] extended (tested) the critical tensions at
altitude (P < 33 fsw). The extension has not only been a study in itself, but also a reflection
of the limitations of sea level compilations. Wienke [16] proposed exponential
extrapolations of M-values back through zero absolute pressure, an intuitively conservative
scheme. However, proposed extrapolations of critical parameters require testing, and
altitude is no exception. Such is also the case for deep exposures. Based on reductions in
Venous Gas Emboli (VGE) counts in select exposures, Spencer [6] and Pilmanis [32]
pioneered a modern trend to reduce no-decompression time limits, and subsequent M-
values extracted from them. These welcome conservative procedures must reduce bends
incidence statistics, but central model issues remain.
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Figure 1. Critical Tenslons (M-Values).

Critical tensions are fitted linear functions of pressure, obviously increasing with ambient
pressure. Faster compartments permit greater amounts of dissolved nitrogen, slower
compartments less. During any dive, tensions in compartments must stay below the
depicted curves in this modified Haldane approach. Wienke reduced them to an approximate
form (fsw),

M=1527 114 4325 ¢1/4 g

for depth d (ft). Dividing M-values by ambient pressure, P, yields the critical ratios, R.
Extensions of the curves to altitude (P < 33 fsw) have been effected linearily and
exponentially. In the linear case, the zero pressure intercepts are positive, while in the
exponential case the intercepts are zero. Thus, in the former case, critical ratios become
unbounded at zero ambient pressure, while in the latter case, they remain finite. These
trigger points are artifacts of data fitting, and not necessarily physically tractable. Any set
of no-decompression time limits can be plugged into Eq. (1) and ensuing sets of tensions
for compartments can be scanned for maximum values (M-values) across all depths and half-
lives.

17



Lang and Egstrom (Eds.): BIOMECHANICS OF SAFE ASCENTS WORKSHOP. AAUS, Costa Mesa, CA. 1990.

Bubble model and free gas phase dynamics

Blood rich, well-perfused, aqueous tissues are usually thought to be fast (small 1),
while blood poorer, scarcely-perfused, lipid tissues are thought to be slow (large 1). As
reflected in Figure 1, critical tensions are larger for faster tissues and increased pressures.
The range is linear within tissue compartments. In the field, fast compartments control
deep, short exposures, while slower tissue compartments contend with shallower,
prolonged exposures. Additionally, near surfacing M-values are principal concerns, yet, as
such, are somewhat shortsighted, probably contributing to ascent rate and safety stop
concerns, among others. Algorithms tracking both dissolved and free phases offer broader
perspectives and wider alternatives. Tracking the interplay of component gas phases
throughout the dive automatically determines ascent rates and possible stops in modern
bubble models, but with some changes from classical procedures. Free and dissolved gas
dynamics differ.

Since differences between free phase and ambient pressures increase with depth,
the gradient for free phase elimination also increases with depth, directly opposite to the
dissolved phase elimination gradient which decreases with depth. Then, changes in
operational procedures become necessary for optimality. Impacts of this on decompression
diving can be seen clearly in Figure 2, which contrasts supersaturation staging (USN and
RN) against thermodynamic staging according to vintage Hills [8]. Similar profiles are seen
in bubble models, such as the varying permeability approach [18]. Considerations of
growth invariably require deeper staging procedures than supersaturation methods. Though
not as dramatic, similar constraints remain operative in no-decompression exposures. The
reason is linked to the interaction of free and dissolved phases in bubbles and tissue, as
summarized in Figures 3 and 4.

Internal pressures in bubbles exceed ambient pressures by amounts equal to the
effective surface tensions of the bubbles, as seen in Figure 3. To eliminate bubbles or
reduce growth, increasing ambient pressure is requisite not only to restrict size, but also to
drive the gas by diffusion out of the bubble and across the tissue-bubble interface, as
depicted in Figure 4. The shorter the desired time of elimination, the greater must be the
ambient pressure. Experiments conducted in decompressed gels, notably by Yount and
Strauss [12, 19], Kunkle and Beckman [15], and others, bear testimony to this fact. Figure
5 contrasts experimental bubble dissolution time as a function of ambient overpressure for
various small bubbles. The smaller the bubble, the shorter the dissolution time. Here,
implication for diving is rather simple. In the presence of even threshold amounts of free
phases, increased pressure is prudent. With any pressure, the length of time required to
dissolve bubbles of 250 micron diameter is significantly shorter than that required to
dissolve larger bubbles. Immediate recompression within less than 5 minutes is adequate
treatment for bubbles less than 100 microns in diameter, and forms the basis for Hawaiian
emergency in-water recompression procedures [22]. Such facts prop arguments for safety
stops when conventional tables are pushed to limits, timewise or repetitively.

There are other concerns with the presence of free phases in tissue. Use of just a
supersaturation gradient to quantify elimination is not correct, because the free phase
pressure is not the tissue tension, p. A split gradient [16] fractioning dissolved and free
phases, is advisable. As recently discussed by Van Liew [30], the relative composition of
gases in bubbles can also change upon decompression. Similarly, if inert breathing
mixtures are changed, existing bubbles can grow or shrink, depending on relative gas
solubilities and diffusivities [33]. Operational diving then becomes a complicated playoff
against dominant phases.
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Figure 2. Phase Apd Supersaturation Decompression Profiles

Decompression profiles for a dive to 150 ft for 40 minutes are depicted according to
supersaturation and critical phase formats. The supersaturation schedules (USN and RN)
obviously differ from the phase format (thermo). Such differences are generic to bubble
models versus critical tension models and involve:
1.

more time spent deeper to minimize bubble excitation and growth, and maximize
the driving force to eliminate free phases, followed by;
2.

possible drop out at 20-30 fsw to dump asymptomatic free gas, if phase separation
has been minimized by the overall ascent procedure.

In supersaturation formats, stops in the 10 to 30 ft range are thought to represent the
treatment portion of the diving schedule. Computational analyses, some tests, and
experiments have validated features of phase models, while work needs to continue on such
approaches. Models extending biophysics can hopefully provide additional insights and
optimal formats.
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A free phase in tissue introduces another dimension to gas exchange models. But as
a critical indicator, the free phase volume is noteworthy since it can be linked systematically
to the mechanics of bubble formation, growth, and elimination, as probed in experiments
and corroborated by theory. Bubbles, which are unstable, are thought to grow from stable,
micron size, gas nuclei which resist collapse due to elastic skins of surface-activated
molecules (surfactants), or possibly reduction in surface tension at tissue interfaces.
Families of these micronuclei persist, varying in size and surfactant content. Large
pressures (somewhere near 10 atm) are necessary to crush them. Micro-nuclei are small
enough to pass through the pulmonary filters, yet dense enough not to float to the surfaces
of their environments, with which they are in both hydrostatic (pressure) and diffusion (gas
flow) equilibrium. According to Figures 3 and 4, when nuclei are stabilized, and not
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activated to growth or contraction by external pressure changes, the skin (surfactant)
tension offsets both the Laplacian (film) tension and any mechanical help from surrounding
tissue (y=0). Then all pressures and gas tensions are equal. However, on decompression,
the seed pockets are surrounded by dissolved gases at high tension and can subsequently
grow (bubbles) as surrounding gas diffuses into them. The rate, T, at which bubbles of
radius, r, grow (or contract) can be approximated,

;=i=1&[p,_p_£r] ,
@)

with D the diffusivity, S the solubility, C the concentration, y the effective surface tension
of the bubble, p, the total tissue tension, and P the usual ambient pressure. At some later
point, a critical volume of separated gas is established and symptoms of decompression
sickness become increasingly probable. On compression, the micronuclei are crunched
down to smaller sizes across families, apparently stabilizing at a new reduced size. Bubbles
are also crunched by increasing pressure because of Boyle's law, and then additionally
shrink if gas diffuses out of them. As bubbles get smaller and smaller, they possibly re-
stabilize as micronuclei.

Figure 3. Pressure Balance.

The total gas pressure, Py, within a bubble equals the sum of ambient pressure, P, plus
effective surface tension, 2y/r, according to,

P,=I’+%r .

P =Po,+Py,+Pyp +Pco, .
At small radii, surface tension effects are large, while at large radii effects of surface tension
vanish. Effective surface tension is the difference between Laplacian (thin film) tension and
skin (surfactant) tension. Stabilized nuclei exhibit zero effective surface tension, so that
total gas pressures and tensions are equal. When nuclei are destabilized (bubbles), any
gradients between free and dissolved gas phases will drive the system to different
configurations, that is, expansion or contraction, until a new equilibrium is established.
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Figure 4. Gas Diffusion

A bubble in hydrostatic equilibrium will grow or contract, depending on its size and any
relative gradients between free gas in the bubble and dissolved gas in tissue. Gradients are
inward if tensions exceed bubble gas pressures, and outward if free gas pressures exceed
tensions. A critical radius, rc, separates growing from contracting bubbles for a given set
of pressures. The critical radius depends on the total tension, pt, ambient pressure, P, and
effective surface tension, v,

rc 3 —ZL N

p—P

p‘ =pN;+pO.+pH;0 +pC0, ’

where growth occurs for r > rc, and contraction for r < rc. Some stabilized gas micronuclei
in the body can always be excited into growth by pressure changes (compression-
decompression).

Nucleation theory is consistent with a number of diving observations [15, 19, 31].
Divers significantly increase tolerance against bubble formation, and therefore
decompression sickness, by following three simple practices:

1) make the first dive a deep, short (crush) dive, thereby constricting the

micronuclei down to a smaller, safer size;

2) make succeeding dives progressively more shallow, thus diving within the
crush limits of the first dive and minimizing excitation of smaller
micronuclei;

3) make frequent dives (like every other day), thus depleting the number of
micronuclei available to form troublesome bubbles.

An underlying point can be made here. If nucleation sites are extinguished, reduced in
number, or ill-disposed to excitation, bubble formation and risk are commensurately
reduced. Regeneration times for classes of micronuclei are estimated [18, 26] to be near a
week, underscoring physiological adaptation [15, 31] to recurring pressure environments.
The mechanics of nucleation, stabilization, and bubble growth are fairly complex, with
stabilization mechanisms for micronuclei only having been recently elucidated [26-29].
Source and generation mechanisms before stabilization are not well understood. Some
candidates include cosmic radiation and charged particles, dissolved gases in fluids we
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drink, lymph draining tissues into veins, collisional coalescence, blood turbulence and
vorticity, exercise, the stomach, and the thin air-blood endothelium in the Iungs. Once
formed, micronuclei apparently stabilize very rapidly with surfactant material [27, 28].
Passing through the pulmonary filters of the lungs, only sub-micron sizes survive.

Figure 5. Dissolution Times For Graded Bubbles

Bubbles develop and grow over longer time scales than nuclear stabilization. Yet, the rapid
dissolution of bubbles in decompressed saturated gelatin (and the body proper) requires
immediate and adequate repressurization. The absolute length of time required to dissolve
bubbles with given overpressure is directly proportional to the size of the bubble.
Obviously, the smaller the bubble, the shorter the time needed to dissolve that bubble at
any overpressure. The bubbles studied in this experiment by Kunkle and Beckman grew to
approximately 1lmm in 5 hrs, starting from stabilized micronuclei. Such experiments have
provided vital information, and confirmation of nucleation and bubble theories.
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Introducing phase mechanics into decompression theory enhances our basic
understanding, while maybe pushing numerical perseverance a little. Such perhaps is
reason for slow integration into working algorithms. Testing and costs are important other
reasons. Meter implementation appears timely, along the following lines.

Critical volumes versus critical tensions

In elegant experiments, Crocker [21] exposed goats to compressed air at one
absolute pressure, Q, for 12 hours (saturation) and then decompressed the animals to
another absolute pressure, P, for several hours, checking for bends development. A few
days later, the same animals were exposed to the same pressure, Q, and decompressed to
slightly higher or lower pressure, P, until a distribution of P, separating bends from no-
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bends points, was generated. The whole titration was then repeated for a new series of Q.
Repetitive exposures are, of course, not included in the titration. Analyzing this data and
others, Hills [8] proposed a complete separation of bends from no-bends points via a linear
relationship between Q and P, redrawn in Figure 6 for the appropriate range, 0 < P < 200
fsw. Similar type constraint curves are demonstrable for saturation diving at great depth
[34]. Over comparable pressure range, an exact one-to-one correspondence between the M-
values in Figure 1 and the titration curve is not demonstrable. At most, only one correlation
could be established anyway. Certainly, all linear representations of M-values must be
broadly consistent with the titration trend of the experiment. Ambiguity arises, of course,
because tissue compartments are assigned different critical tensions by design, and must
differ from the curve. Actually, the original Haldane assignment of the same critical tension
to all compartments is consistent with the titration line. With this in mind, it is worthwhile
to now consider a more realistic trigger point for the bends, the critical volume.

Figure 6. Decompression titration

For simple bends (Type 1 and II), decompression titrations have been performed. A linear
relationship between the saturation pressure, Q, and permissible decompression, P, has
been established over a range of exposures to depths less than 300 ft. While predictions of
M-value models are close to the curve, only one compartment can match the curve. Models
employing critical volumes recover the features (slope and intercept). The line is of the
approximate form (fsw),
Q=137P +11.01,

according to Hills, Hennessy and Hempleman, and Yount and Hoffman. Beyond 300 fsw the
relationship becomes curvilinear. The original Haldane assignment of the same critical
tension to all compartments is consistent with the titration experiment. One notes,
however, that repetitive exposures are not cases in point here. Similar profiles apply to
very deep saturation diving.
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Hennessy and Hempleman [13] first established a linear titration curve for the data
assuming that the same critical volume of released gas provokes mild attacks of
decompression sickness. Their analyses also offer explanations for changes in signs and
symptoms which follow changes in the nature of the exposure to pressure. Such findings
question and press dissolved gas approaches. While the titration experiment is compatible
with broad trends, it is clear that dissolved gas limiters, such as M-values, are often not the
best critical flags. Indicators such as the volume fraction of free gas phases are not only
more natural, but are also more strongly correlated with experiments. Computational
algorithms, such as those suggested by Hills [8] and Hennessy [2] described by Wienke
[16, 17] and, particularly, proposed by Yount [26-29] in coupling observed numbers of
micronuclei in decompressed media to critical volumes, offer basic alternatives to the matrix
of M-values. Fewer arbitrary parameters also attend those treatments. Some regard the
zero-supersaturation approach of Behnke [11] whereby the inherent unsaturation is allowed
to limit supersaturation on ascent, as the classical predecessor to phase algorithms. The
interesting empirical practices of Hawaiian and Australian diving fishermen [22, 23]
suggest a working cognizance of phase dynamics, and developed over many years of trial-
and-error experimentation, albeit, with considerable trauma. Present diving practices,
correlated with critical tensions, appear riskier [24, 25] under increasing exposure time and
pressure loading.

Denoting the separated gas fraction per unit volume of tissue, y, and the solubility,
S, as before, Hennessy and Hempleman [13] deduced for saturation exposures,

X397, (3)
s
from the titration curve (Figure 6).For lipid tissue, S = .069, while for aqueous tissue, S =
.012. The ratio broadly represents a trigger point for bends, and can be employed in simple
calculations to contrast effects against critical tensions. Under worst case conditions of zero
gas elimination, the amount of free gas phase can be assumed to be the difference between
the original amount in solution before a pressure excursion, and the amount remaining in
solution. In terms of the above, this requires that,

xPn=s (PP - @)

with PN; the free (nitrogen) partial pressure, which can be estimated in models.[8, 11, 17].
Not important to discussion here, PN; increases roughly with the ambient pressure, P. For
given p, %, and S, Eq. (4) limits ascents through PN, leading to deeper staging, as already
seen in Figure 2. It appears to have some interesting implications for repetitve diving,
particularly when compared to M-value approaches, and we hope to report results of
calculations soon. The quantity, p - PNy, acts as a critical gradient, L, though not constant.

Surfacing tensions will change with safety stops and slower ascent rates. The faster
compartments will respond more quickly than the slower ones, and the relative change in
tissue tensions will be greater in faster compartments. Similarly, bubbles will grow if
conditions favor their expansion on ascent. Fast ascent rates (decreased average pressure)
can maximize their growth rate, while slower ascents and safety stops (increased average
pressure) can support their dissolution. Bubble growth and dissolved gas buildup compete.
Table 1 contrasts relative changes in surfacing critical tensions, AM, / M,,, critical volumes,
Axo / %0, and bubble radii, Ar, / ro, for a dive to 120 feet for 12 minutes against the same
dive with a stop at 15 feet for 3 minutes. Equations (1), (2), and (4) are employed,
assuming an initial bubble radius of 1 micron, and an ascent rate of 60 ft/min. Clearly,
relative effects are greater on free phase triggers than critical tensions. Calculations are
typical for bounce exposures in the 40-150 feet range.
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