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PREFACE

This Workshop was part of a broad program of technical grants, contracts, and workshops
to provide support information for the activities of the NOAA Undersea Research Program, U.S.
Department of Commerce (NURP). This Office supports a variety of undersea activities dedicated
to exploration, conservation, and responsible exploitation of the coastal zones and the outer
continental shelf. In supporting manne~undersea activities one of the needs is for improved
decompression procedures, and the NURP office is occasionally involved in assessing or even
developing them. Like everyone else in the decompression business NURP occasionally faces the
question of how to move tables forward through the various development and validation steps. The
Workshop was convened to bring together a group of experts in many perspectives of decom­
pression technology to address this issue. It was carried out under NOAA Grant NA82AA-D­
00043 from NOAA to the Undersea and Hyperbaric Medical Society. The UHMS expresses its
gratitude to the NURP director, Mr. Elliott A. Finkle, who was responsible for the contract and
who participated in the Workshop, and to the current NURP staff including especially Dr. David
B. Duane and Dr. William S. Busch.

Because of the impact of regulations and the legal climate on the validation issue and to
help get the most mileage from our limited budget it was originally decided to focus on this
problem from the North American perspective and not to try to make it an international
Workshop. It was our good fortune that we did have the benefit of several important contributors
from Europe, but we regret that we were not able to include several other of our international
colleagues in this specialty who would have made it even better.

A word about the format of the Workshop. It was organized as many others, with speakers
invited to cover topics and address specific issues in short presentations which were followed by
discussion; they were given a list of topics to discuss and questions we hoped they would address.
We asked for manuscripts to be submitted at the time of the Workshop, and most speakers did
this; the requested wide 2-column format was awkward, and we apologize for the extra trouble this
may have caused. Other attendees who professed to have some organized thoughts were invited
to make a "mini-presentation." The entire proceedings was recorded by a court reporter, a
transcript was prepared, and discussions were edited and included. When a speaker said something
in a presentation that was not in the printed paper this is included as "additional comments" after
the paper. Some of the talks were taken from the transcripts.

We apologize for the long delay in publishing the proceedings. The blame is accepted by
the co-editor (RWH) who insisted on doing the production and was intimidated by the two-column
format, in addition to having the usual conflicts that confront volunteer work. Fortunately, the
topic is still as timely as it was at the time, and the value of virtually all of the material has not
been swept away by subsequent events. We thank the UHMS staff, Dr. Lee Greenbaum for a
discrete mixture of patience and gentle prodding, Buffy Jabine and Denyse Moore at the
organizational level, and Ann Barker for pulling it together at the end.

The production, except for the manuscripts submitted as camera ready, was done by
Hamilton Research, Ltd., using WordPerfect 5.0 and a HP Laserjet II with Bitstream Dutch 11 pt
as the primary font. We thank Eileen Whitney for perseverance in formatting the text.
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OPENING REMARKS

Dr. L.J. Greenbaum, Undersea and Hyperbaric Medical Society

Dr. Heinz R. Schreiner, Workshop Chairman

INTRODUCTION BY DR. GREENBAUM

DR. GREENBAUM: I would like to welcome all
of you to the facilities here on behalf of the
Undersea and Hyperbaric Medical Society. I
would like to thank all of you for coming, especial­
ly because each one of you is giving freely of your
time without personal compensation. The Society
and the diving community are most appreciative.

I would also like to thank NOAA for its
support and its foresight in supporting this kind of
a workshop, one which will be very helpful to the
civilian diving community.

INTRODUCTION BY CHAIRMAN
SCHREINER

MR. HADDEN: Yes. Excuse me. I am David
Hadden with the Occupational Safety and Health
Administration and I have been sent here to be an
observer. I am wondering: are these protocols for
this effort such that it would be usable for all
people or just Naval-type personnel?

CHAIRMAN SCHREINER: You will find that
very few of the participants are actually Naval
personnel. The preponderance of the people here
are from academic, commercial, civilian and gov­
ernmental institutions, as well as the Navy.

We are gathered here to talk about ways in
which to validate decompression tables. That is
the manner by which one could determine a par­
ticular decompression procedure to be safe and
effective. We are not here to talk about the
development of decompression tables. We are not
here to talk about decompression theory, although
this is very near to my heart and I will manfully
abstain from comments in this direction because
the purpose of our gathering is to see if a consen­
sus can be formed as to how one would recom­
mend a validation of a decompression procedure,
no matter how derived.

We also should talk about what safe decom­
pression really is. Please focus on these twin obje­
ctives: What is safe and how do you validate it.

We will try to define what is currently ac­
cepted practice. We will, hopefully, formally or
informally, review available approaches to valida­
tion, discuss and argue over options available to us
to do such validations and, most importantly--and
this is the goal we must be driving at--to see if this
group can come up with a consensus statement.
That would be well worth the trip for all of us.

Page 1.
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INlRODUCTION TO THE WORKSHOP:
BACKGROUND HISTORY AND SCOPE OF DIVING TABLE VALIDATION

C. J. Lambertsen, M.D.
Institute For Environmental Medicine

University of Pennsylvania

empirical validations of procedure, seeking avoid­
ance of overt symptoms or signs. At the advanced
present stage, in spite of the now established
recognition of decompression sickness as a complex
of systemic effects, validation still depends essen­
tially entirely upon the same symptomatic indices
as were observed in the beginning.

At first diving itself was trial and error. No
tables existed, and therefore no validation of tables
was practical. The origins of table (procedure)
validation were simultaneous with the evolution of
reasoned concepts concerning the cause of "bends",
and concepts concerning the degree to which tis­
sues could sustain excess pressures of dissolved gas
without forming gas "bubbles". These concepts
were based upon early and astute recognition of
what appeared to be patterns 190f exposures in
bends-producing circumstances (4).

Origins of validation in naval units
The earliest systematic tables susceptible to

follow-on validation arose in 1906-1907 from the
British Admiralty experiments, guided by Haldane
and his associates (4; 5). These showed that an
air breathing diver could "with reasonable safety"
tolerate a rapid change from a high absolute
pressure to a proportionately lower absolute pres­
sure (e.g. if the ratio of high to low absolute
pressure did not exceed 2.3 to 1). This was the
first step in the origin of the "stage" decompression
method. The concept derived from exploratory
trials in pressure chalnbers and from experience in
working dives. While this concept formed the basis
for much of early air diving table development,

Evolution of diving table validation empirical validations of the limited depth/duration
As diving began, decompression sickness was tables based upon it were not in fact real valida-

recognized in the laboratory, but not by the work- tions of the concept, since the concept does not
ing diver (3; 1). The fact of human decompression pertain over the larger range of diving exposures
sickness had to be discovered as a consistent subsequently experienced.
consequence of decompression following excessive The next phase in evolution of need for diving
exposure to compressed air. Initial efforts to avoid table validation was almost immediate, superim-
decompression sickness were based entirely upon posed upon the highly effective stage method. It

Page 3.

In the beginning God created the heavens
and earth. It was not necessary to create the
oceans, it was raining at the time. He neglected,
however, to devise decompression tables that
Adam and his descendants would require. They
would need them, so they have been trying ever
since to do it themselves.

The scope and complexity of procedures now
used in modern civilian and military diving belies
their simple and common origin.

As pract~cal working diving with the full body
diving suit began, about 1840, the gas pumped to
the diver, by human power, was air (1). Use of
compressed air to aid in tunneling occurred at
about the same period (2). After the extensive
experience gained in many nations, over more than
100 years, 'it is now the purpose of this conference
to consider how procedures used for modern and
future diving and decompression with air and other
gases should be validated as reasonably safe for
operational use. The major reason these valida­
tions still remain to be devised, after a hundred
years of diving, is that recent successes in research,
and their equally successful applications to expand
diving operational capability, have together opened
still further opportunities for improved durations,
safety and effectiveness in diving at all depths.
Opportunities very soon become requirements, and
modification and development of diving procedures
has for both reasons expanded greatly during
recent decades. However, quality and systematic
validation has not kept pace with this expansion of
"tables" and this operational use.
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involved the fundamental conception that in diving
and decompression, there occurred an exponential
uptake and elimination of inert gas, at different
predictable rates in undefined different tissues.
This farsighted concept provided for rational
mathematical determination of the duration of stay
required for inert gas elimination at the stages of
decompression (4). Here the actions of validation
were by trials after conception. The principle itself
remains a key element of all diving table develop­
ment and evaluation.

Entry of the U.S. Navy into extensive diving
table development and trials began only a few
years later, about 1912, expanding use of the
above mentioned dual concepts to air tables valida­
ted by empirical exposures to air pressures equi­
valent to 300 feet of sea water, and used to that
depth in the open sea (1). The validation, again
aiming for "reasonable safety", was accepted with
a bends incidence as great as 5%.

From these heroic efforts, in these two count­
ries, spanning thirty years, came the foundations of
understanding supporting most of what has fol­
lowed. In no sense were these early developments
or validations "trial and error". Exploration was by
exceptionally informed and imaginative individuals,
deriving brilliant concept from observations, per­
forming planned test of concepts, and doing so
without benefit of electronics, modern medicine or
computers. The numbers of trials and diver sub­
jects used in such air diving validations were mas­
sive (1; 6). Prior to World War II the develop­
ment and then redevelopment of naval air and
helium diving tables were directed to perceived
naval requirements, not to industrial or sport
diving. Civilian diving has utilized the results for
relatively shallow diving without investment or
modification, even to the present time.

These same extensive empirical validation
methods used for naval air diving, progressively
were used in parallel in naval laboratories to
explore diving with helium-oxygen mixtures (7; 8).
In Britain and the U.S. oxygen limits were explored
to provide for facilitation of inert gas elimination
in final stages of decompression (9; 10). Tests in
large numbers of diver-subjects in experimental
diving units and diving schools explored the validity
of sLllface decompression for air and for helium­
oxygen diving (11). The result of these many
hundreds of exposures, largely in U.S. and British

Navies, over the period into and soon after World
War II, provided the reference against which
additional tables could be derived for the later
great expansions of commercial and military under­
sea activity.

Changes in naval activity
following World War II

In the decade immediately following World
War II gains were made in concept and validation
through improved technical communication among
countries, the introduction of new methods of self­
contained diving into military operations, and the
extension of basic and applied undersea research
by universities. Close international interaction of
military and university interests derived from esta­
blishment of scientific and technical groups such
as the Panel on Underwater Swimmer Technology
and the related Underwater Physiology Symposia
(12). Active efforts to further improve air diving
tables and develop repetitive air diving tables were
carried out, with transition from "by hand" com­
putation to use of the earliest electronic computer
to speed revision of tables between different test
dive series (13; 14; 25; 15; 29). Emphasis upon
use of self-contained diving for purposes of under­
sea explosive ordinance disposal presented require­
ments for development and validation of tables for
nitrogen-oxygen and helium-oxygen mixtures,
applicable to rebreathing systems (16).

To about this point, the early 1960's, the
procedure used for practical validation continued
to be the exposure of large numbers of diver­
subjects to determine the incidence of decompres­
sion sickness "requiring therapy". The acceptance
of degree of risk was relevant to military use, in
operations under direct military supervision.

The brilliant proposal of "Saturation Diving",
initially with helium and then with nitrogen, drasti­
cally modified the philosophy of validation (17).
Saturation diving entered into military and civilian
use with tests in only a few subjects. A special
stage of evolution had arrived when, in the rela­
tively simple circumstance of saturation, concepts
of tolerable excess inert gas in tissues appeared to
provide a partial substitute for large scale testing.
Eventual recognition that greater degrees of excess
gas partial pressure can be tolerated at higher
ambient pressures (18; 19; 20; 21) resulted in
return to systematic test and validation in large
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subject numbers, to establish limits for deeper and
shallower excursions from saturated states (21).
These studies and the resultant practical proce­
dures were probably the largest practical advance
in the past 80 years.

Expansion of civilian research
and industrial interest

The mid 1960's also were the beginning of
modern commercial diving. Three concurrent
events rapidly extended forms of operational diving
and its related table derivation beyond the capabil­
ities provided by the painstaking naval develop­
ments. These events were: increasingly easy ac­
cess to electronic computers, massive expansion
and success of undersea biomedical research, and
the astounding engineering developments accom­
panying the search for offshore petroleum.

While diving for sport expanded in popularity
in parallel with expansion of industrial diving, it
has been restricted almost entirely to the limiting
durations involved in use of open-circuit air brea­
thing and has therefore largely tended to utilize
established air diving tables. No special new
validations have been involved.

Development of the modern commercial diving
industry paralleled biomedical research, after
beginning with the naval diving tables then avail­
able, and most recently revised and tested. Then,
competition in carrying out the demanding, deep
and prolonged work of offshore diving, in remote
regions and severe weather, led to need for tables
to depths and durations previously considered "ex­
ceptional". The existing tables had unacceptable
incidence of decompression sickness, and some
have not yet been improved. Technologically
advanced diving companies and universities devised
new helium-oxygen diving tables; some tables util­
ized low concentrations of nitrogen in the helium­
oxygen mixtures to modulate the adverse effects of
helium upon speech communication, and some in­
cluded the use of air and oxygen to speed elim­
ination of helium (22; 23; 24).

Procedures for such special developments
have, with almost no exceptions, depended upon
use of a reasonable concept, with limited trials in
laboratory chambers, and slow accumulation of
imprecisely documented operational experience. The
more common path, employed by diving industry
generally over the past twenty years, has been the

uncorrelated adjustment or modification of naval
or other existing tables by measures intended to
reduce bends incidence below that considered
related to an original version. Some of the modifi-'
cations are clearly sensible. However, validation
by large scale test of such numerous and unsystem­
atic, superimposed alterations has not occurred and
is not practical. Validation through subsequent
operational use is handicapped by lack of adequate
documentation, except in a small number of com­
panies which have maintained the detailed record
systems required.

Naval units still retain the opportunity for
extensive and systematic empirical validation, as
exemplified by the important helium saturation­
excursion tables cited above, and others. However,
large developmental advances have occurred
through research in universities and other govern­
ment agencies, leading to multi-year commercial
operational use of new tables involving helium
saturation, nitrogen saturation, helium-oxygen bell
diving, air and helium-oxygen surface decompres­
sion, and nitrogen-oxygen diving. Such develop­
ment often utilizes retrospective analysis against
prior documented experience. However, the origi­
nal approach to validation by extensive laboratory
trial is not usually performed and is impractical in
view of the expanding scope of diving.

This is the dilemma that has made this Con­
ference long overdue. The Summary Tables
included here indicate the scope of the task, and
the need for simplification.

The scope of the existing practical problem

Diving for its numerous purposes and in its
many forms is no longer performed against a single
set of "standard" air tables, or helium-oxygen
tables. The obvious requirement for validation or
consensus for diving/decompression procedures
safety cannot be standardized as a "Validative
Procedure" for all diving, because of (a) the
presently desirable multiple forms of diving, (b)
the extreme ranges of depth and duration, and (c)
the peculiarities of operational purpose. The fi­
gures which follow illustrate the need for a broad,
adaptable and informed policy of validation, based
upon use of existing information, informed judg­
ment, reasonable laboratory exploration, improved
statistical methods (27), and improvements in per-
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Table 1. Forms of diving/decompression (gases
optional)

• Single depth excursion from
surface.

• Repetitive single depth excursions
from sea level.

• Repetitive diving at high
altitudes.

• Saturation exposures.
• Deeper and shallower excursions

from saturation.
• Flying after diving.
• Multiple level diving.

Successive shallower stages.
Random depth.

• Decompression following therapy.

Table 2. Breathing gases as factors in decompression
evaluation.

• Oxygen.
Pure 02 diving.
Uses in any diving gas mixtures.
in any form of diving.

Uses in any decompression.
• Air.
• Single inert gas-oxygen mixture.

N2-02• He- 02' Ne- 02·
Fixed or changing % composition.

• Dual inert gas-oxygen mixture.
N2-He- 02' He-H2-02·
Fixed or changing % composition.

• Sequential alteration of inert gas.
In compression (e.g. Air. He-02).
In decompression (e.g. He-02' N2­
02' Ar- 02)·

• Composite (multiple depth. multiple
inert gas. inert gas sequencing.
oxygen pressure sequencing).

formance of extended operational trials.
The scope of the task is illustrated by the

many forms of diving/decompression which now
exist, encompassing at least the range in Table 1,
from a single shallow air exposure to deep, multi­
day saturation-excursion, to multiple-depth diving
of various forms.

Breathing gases are usefully varied to provide
improved range or safety (Table 2). The imagina­
tive use of the respirable gases and mixtures has

Table 3. Recognition of ancillary factors in
diving/decompression

• Compression (degree. rate).
• Immersion.
• Water temperature.

Effects via body surface.
Effects vi a deep organs. ti ssues and
sensors.

• Body heating.
Body surface.
Respiratory tract.
Deep body.

• Isobaric counterdiffusion.
Superficial (ambient/respired).
Deep tissue (gas sequencing).
Combinations.
Relations to decompression.

• Gas density.
• Work (nature. degree. duration. rest

cycles).
• Strain (force application).
• Circulatory impediments.
• General physiologic status.

Hydration.
Cardiovascular fatigue.
Endocrine.

• Environmental/equipment factors.

opened industrial, military and scientific diving.
Ancillary factors of the diving environlnent,

operational requirement, engineering, or work
functions (Table 3) overwhelm the isolated valida­
tion of "models", and must be incorporated in
every overall validation. For essentially none of
these ancillary factors has a validation been ac­
complished.

Philosophies of validation (Table 4) have been
different among pioneering groups and agencies,
and will benefit more from sensible correlation,
rather than from rigid selection of any single
method.

The relative importance of individual com­
ponent factors in practical diving/decompression
validation (Table 5) has in no instance yet been
defined, and may not be. This emphasizes the
requirement for versatile validation procedures
based upon intelligent consideration of the multi­
ple factors concerned, in the multiple diving meth­
ods, and multiple purposes for which they are
employed.
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Table 4. Philosophies of evaluation methods Table 5. Relative importance of factors in evaluation

Has least influence in an
ideal subject. in ideal
dive condition. and in a
poor subject in complex
conditions.

• Retrospective analysis of prior
experience.

• Stepwise empirical (not trial and
error).

• Mass testing.
Naval (international).

• Selective testing.
• "Statistical" validations.

Laboratory--number of acceptable
trials required = ?
Operational--number of acceptable
trials required = ?

• Integrated operational "experience."
incremental adjustment.

• Evaluation of choice of
discrete "model" for inert
gas solution and release
from solution.

• Temperature factors
evaluation.

Probable
Importance

+

+++

Degree. sequencing.

Physiologic. toxic
effects.

• Evaluation for optimal use +++
of oxygen.

9. Donald KW. 1947. Oxygen poisoning 10

man. Br Med J 1:667-672.
10. Yarbrough OD. 1947. Symptoms of oxygen

poisoning and limits of tolerance at rest and
at work. Project X-337 (Sub. No. 62), Report
1. Washington: Experimental Diving Unit.

11. Behnke AR. 1945. Decompression sickness
incident to deep sea diving and high altitude
ascent. Medicine 24: 381-402.

++

++++

Influences of protective
measures.

Direct local and deep
influences. secondary
neurophysiologic and
hormonal/transmitter
effects. circulatory
reflex effects.

Therapy reserves

• Intelligent blending
in evaluation.

• Inert gas sequencing
evaluation.
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DISCUSSION AFTER DR. LAMBERTSEN

DR. BENNETT: I do not know whether it is
possible to explain why, but it seems that we have
got ourselves into a situation where we are not
testing tables properly. Is it because we do not
have the mechanics or we do not have the money?
Do we not know really how to do it properly, or
is it a financial reason that we just can not amass
a big enough study?

DR. LAMBERTSEN: What I was truly trying to
do was not to just give you a matter-of-fact his­
tory, but to crack the thumb a little at the beginn­
ing to have you see that there are probably, in
that short summary I gave you, several hundred
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tables. If the Navy has used several thousand su­
bjects for one table, which it has done (the British
Navy and/or the U.S. Navy), no one is going to
use several thousand subjects for tables from now
on. I am not trying to close your meeting. I am
trying to turn your question, though, away from
money. It does not make any difference. If we
paid you everything in the world, you would not
spend your time like that. You would not be able
to. It would not happen. Is that an answer? I
do not think it is money. I think it is that new
methods should be used.
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NOAA'S NEEDS AND CURRENT APPROACH TO BRINGING NEW TABLES ON LINE

J. Morgan Wells, Ph.D.
NOAA Diving Program

National Oceanic and Atmospheric Administration

This talk briefly covers some of NOAA's tested some years ago, some 32% nitrox mixtures,
plans, and our projected needs and approaches. a mixture that has had limited use but provides

First of all, I apologize for not having my great advantages--not only in extending no-de-
written text here. I noticed not many people had compression time, but we have discovered through
theirs, but I will bet I have the best excuse in the its use that it has hit on one of the areas that was
house. You see, my house burned down two our greatest need. This is repetitive diving.
weeks ago, completely to the ground, melted my Nitrox--enriched air--has tremendous advantages in
outboard motor into a pool of molten aluminum, meeting our needs in the area of repetitive diving.
and I have not been able to find the text since. Regarding saturation and saturation excur-
I'm sure that it was in that house. That's a true sion diving, this meeting has brought together
story. some of the people working in this area. We are

Let us look at our existing trials and tribula- working toward incorporating some of the work
tions. NOAA is a pretty small outfit. We have that Bill Hamilton and Russ Peterson and Bill
about 300 divers. Generally, we are considered Schane have been doing into our new manual. It
shallow-water divers; however, our average dive is is obvious to us all that we certainly do not have
deeper than the United States Navy, according to the final answers on shallow-water nitrox satura-
statistics, about a foot deeper. The Navy dives tion with multi-depth excursions and repetitive
average about 46 feet. I think NOAA dives aver- excurSIons.
age about 47 feet, usually for half an hour. So The problem is a complex one because of the
you can see in our organization we are not talking tremendous variation in the way we desire to do
about deep, long dives. We do some saturation things and theoretically should be able to do
diving, but very little is in-house. A lot of it is things. This presents a very complex validation
supported through grants to universities, and so problem, in my opinion. This applies not only to
forth. Some of the people in this room work on excursions, but to the final saturation decompres-
NOAA contracts in that area. sion and the relationship of the final decompres-

For our standard problems we train a lot of sion schedules to the previous history of pressure
people, run a lot of people through recompression and gas exposures.
chambers, and some existing schedules still give us Of the things under consideration at this time,
problems. These are air exposures in an air-filled nitrox is our most promising child in this area. We
chamber. That problem is not licked yet. are looking for diving to depths generally less than

Our principal applications, however, are in no- 150 feet and, believe it or not, application of
decompression diving and repetitive diving. Each nitrox mixtures in the 60 to 100 foot range where
year, the need or the requirement for multiple at least our computers tell us that we can make
dives seems to become more important in our tremendous headway, spending four times as much
operations. So, not just extending nO-decompres- time during the course of a working day, again
sion limits or decompression diving on a practical through repetitive procedures, than we can with
sense, but repetitive diving--both surface based and air. And this meets our operational mode quite
from shallow nitrox habitats--keeps emerging as an well. We've spent a tremendous amount of time
important area, one where we have some needs. in the 50 to 100 foot range. So, we are looking

For gases other than air, mixed gas, normally into new gas mixtures in the 30 to 50% oxygen
we talk about heliox. In our case, we are looking area.
almost completely at "nitrox" [or "enriched-air In saturation diving, things under consideration
nitrox," Ed.] diving. We have developed, and that we've been knocking around with our experts

Page 11
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are multi-gas exposures, with' gas switching on
excursions that may potentially offer some sig­
nificant advantages. An example would be switch­
ing from nitrox to heliox for deep excursions from
nitrox saturation. This is a whole area that looks
fruitful, and the computers tell us it will work in
a lot of cases. Again, it will be tough to test.

Oxygen toxicity remains a problem in this
area, both pulmonary and CNS. We know oxygen
has tremendous potential in helping us out of
decompression situations, but we are still titrating
it, tickling the edge on where we can use it, in
recent years we have been--what is it the astro­
nauts say?-- "Pushing the envelope," with respect
to pulmonary limits.

In the future, I think we are going to remain
in the reasonably shallow water business--less than
200 feet. Spending very long times and especially
repetitive diving will be our priorities.

What is our approach? Testing must be done.
We have seen too many cases of immediate ap­
plication of tables. No one in this room, of
course, does that.

Peter Bennett asked a rather important ques­
tion there about dollars. You know, I'm from the
government and we get everyone's taxes, but we
are still not rich. As those of you who have been
sending proposals to NOAA that have gone largely
unfunded, you must realize that we do not have an
unlimited supply of dollars, and yet we seem to
have an unlimited thirst for new information.
These do not seem to be quite compatible. Com­
puting of tables is getting much less expensive than
it was 10 years ago. Testing of them, I do not
think is any less expensive. It, perhaps, might be
more than it was and more difficult because use
of human subjects is becoming more difficult. A
lot more difficult than it used to be. And the
injuries resulting from them have significantly more
serious consequences.

DISCUSSION FOLLOWING DR. WELLS

CHAIRMAN SCHREINER: Your agency is
clearly interested in having available reliable proce­
dures for dives in the depth range and the general
envelope of conditions you have outlined. Are
there criteria in your agency that can be used to

determine if a particular diving scheme or decom­
pression scheme is reliable?

DR. WELLS: We have nothing you would call
fixed standards. We try to conform as much as
possible to what we might call by the vague term
"industry standard." So, each one is on an in­
dividual case-by-case situation.

CHAIRMAN SCHREINER: In keeping logs of
such dives, what is used to characterize the out­
come? In other words, there are many end-points
of decompression that could be viewed as indica­
tive of reliability from the obvious diver-reported
symptoms all the way to long-range effects, per­
haps. Where does your agency look for an end­
point? On the first level, by this I mean the
reported symptom level, or does' the agency go
beyond that in long-term follow up? I am talking
about operational diving.

DR. WELLS: In the latter case, the long term
effects, I think we have actually become lazy, as
have a number of people. Or perhaps we were
chasing a non-existent situation--the long-term
effects of inadequate decompression, aseptic bone
necrosis, and so forth. We went through a spike,
as did a lot of people in this country, of monitor­
ing this carefully. We simply do not do that
anymore.

Operationally we train our personnel quite
well in their basic training, in recognition of subtle
decompression sickness. So, in recent years, we
have had a lot more reported, but they have not
been all that serious. That, I think, is more a
matter of training of the individuals in recognition
of subtle decompression sickness.

I am still not answering your question because
we do not have a hard and fast rule about the
endpoints.

CHAIRMAN SCHREINER: I just wanted to see
what your agency views are, for example, if an
operational dive regime yields a particular out­
come, be it DeS, be it bubbles, be it something
else, at what point in time does the agency say,
"This particular regime is not acceptable. We have
to do something about it."
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DR. WELLS: I think we do not really have an
agency policy on that. When we develop some­
thing like this, it is usually through a contractor.
A lot of them are sitting in this room. And,
generally, they will tell us. It is usually obvious to
both parties if there is a problem.

DR. HAMILTON: You said the 32% oxygen
tables were tested. Would you tell us how you
tested those, and also would you tell us how you
came up with the protocols for use with that gas
mix?

MR. IMBERT: You say that you prefer "nitrox"
[enriched air] diving. On what data do you sup­
port such a statement? Would you think that
using oxygen would have the same effect, or do
you have an explanation as to why nitrox is better
for repetitive diving?

DR. WELLS: Okay, a little bit of history. For
our first 32% tables we started using the simple
concept of equivalent air depth, straight across the
board. In those, of course, we can use the USN
repetitive groups because we are basically equating
the nitrogen in the breathing gas to that of air.
So, life is very simple if one believes in this con­
cept of equivalent air depth.

Bill Hamilton asked about the testing of this.
It was done a number of years ago. In 1977, the
initial ones, were in dry chambers. Very little test­
ing was done on repetitive dives. We were look­
ing, at that time, at maximum no-decompression
limits. If you are interested in our testing of the
EAD (equivalent air depth) concept with respect
to repetitive dives, we actually had none in our
tests. I think other people here might comment
on the adequacy of this concept.

Now, in our future ones, we are at least
computing them from scratch, using the U.S. Navy
model and comparing that against some of the
existing models. What do we call the models that
you people use, "Privileged models? Secret
formulas?" We plan to be testing later this year;
that is why I am so interested in the outcome of
this meeting.

CHAIRMAN SCHREINER: Give us a feeling, if
you could, for the number of dives that are being
performed in your agency per year.

DR. WELLS: It has been almost constant over
the last six years at approximately 6500 dives per
year, by our 300 (more or less) divers. The num­
ber of active divers varies between 250 and 300.
Some years ago, this was almost exactly 10% of
what the U.S. Navy reported. I think we are less
than 10% now.

CHAIRMAN SCHREINER: What proportion of
these dives were done by female divers?

DR. WELLS: By female divers? I am going to
take a guess; about 5% of our divers are females.

DR. ARMER: From what Morgan is saying, I see
some problems that we have in talking about what
criteria the Smithsonian would accept for new
tables, what criteria would be usable. We have
about 100 full time employees who are divers at
any given time (not full-time divers). They already
know that the Navy tables are not applicable to
shallow repetitive diving of the kind we do. So,
they just kind of take a very conservative guess
and dive. Or they assume that if they stay under
30 feet, shallower than 30 feet, it does not matter
how much time they spend. We are beginning to
find out that this is not true. We have divers who
dive four to six hours a day for a year and those
kinds of divers appear to accumulate some nitro­
gen. They do, occasionally--rarely, but occasional­
ly--get mildly bent. Interestingly enough, at the
aquarium--which is only 27 feet deep--there are 10
divers who are diving four to six hours a day. Al­
though they do not get bent very often, what hap­
pens is they will dive once or twice on the week­
end and then come back to work and get bent on
Tuesday. So, obviously, they tipped themselves
over on the weekend.

The problem is that I do not think we have
gathered the kinds of statistics that we would like
to have. We need tables to guide us in this sort
of shallow-water repetitive diving. The acceptable
percentage of bends cases would be zero. But, at
present, all we are doing is just sort of getting
along.

DR. WELLS: I would like to address Mr. Im­
bert's question about oxygen and tell you some­
thing you may not realize is going on. The intro­
duction of the Canadian DCIEM tables is rather
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a blessing for a lot of us. But they are actually
causing some trouble for very unexpected reasons.
Innovative and not too bright American recrea­
tional divers look at them and pick the good parts
and omit the bad parts, and we see these people
at our treatment chambers.

They are hybridizing their in-water oxygen,
etc., with the United States Navy tables to come
up with the table that looks best to them. Two
problems are resulting from this; decompression
sickness and oxygen toxicity. Some of these peo­
ple dive very deep and use in-water oxygen stops
comparable to the DCIEM tables. We have
treated people that have had CNS oxygen hits
after long deep air dives using inwater oxygen.
People are hybridizing these tables and getting into
trouble with it.

MR. HOLLAND: I agree with your comment
about hybridizing decompression tables; it does
not only happen in the recreation industry. (Un­
fortunately, we have trouble with some of our old
and bold who know better.) I would like to ask,
in terms of what you are looking for at the end of
the day--safe tables-- could you give us some idea
of the incidence of DCS you have across the
board, and in any particular area? You must have
in your 6500 dives per year, a rough DCS inci­
dence which would give us a target with which
perhaps we should aim to come below.

DR. WELLS: You might have trouble beating it.
A rough guess is, we have recorded between only
3 and 5 cases per year out of the 6500. That is
over the last decade.

DR. SHANE: To comment on Morgan's num­
bers, because we view ourselves as a part of
NOAA at the St. Croix facility, we do about
10,000 saturation man hours a year of which about
20% are females, and we have had about one case
of decompression sickness a year. I am talking
about shallow water, a 47-fsw saturation mission of
7 days.

DR. KINDWALL: Morgan, I would like to
comment on the number of dives and the intrinsic
problem with Navy or "water" diving tables. If the
tables are set up for every 10 feet of depth, (30,
40, 50, 60, essentially) only one dive in 10 actually

does a "face-value" test of the tables. So, in terms
of running your tables out to test their validity,
you probably only made about 650 dives which you
really could look at.

DR. WELLS: Yes. I think we would have even
less. If I remember Peter Edel's block, it is 1 out
of 100 because they are 10 feet and 10 minutes.
So, you are somewhere between the upper
right-hand block and the lower left-hand block.

DR. KINDWALL: I guess we would divide it by
another 10. Then, would you have 65 "face valve"
cases on the average?

CHAIRMAN SCHREINER: I think what this
illustrates is that decompression procedures are
boundary conditions and that actual decompression
occurs generally within those boundary conditions.
But even with 6500 dives, can one say that the
procedures that your agency uses are generally
recognized as safe or is that an over-statement?

DR. WELLS: We certainly consider them safe or
we would be out of business. Our need in this
area really is to increase operational effectiveness
and we would like to do this through new meth­
ods, especially mixed gas methods. I am a little bit
bashful and becoming more bashful by the year;
decompression sickness, at least in our outfit--is
becoming more serious today than it was a decade
ago. Lots more people are looking at you.

So, our principal drive is to increase opera­
tional effectiveness through the use of different
tables, ones that have a greater theoretical poten­
tial, but we really can not afford to make mistakes
in the process.

CHAIRMAN SCHREINER: Okay. So it is a
joint requirement to be safe as well as effective.

DR. BENNETT: Can I ask if you use any of the
diver-carried computers that are on the market
today?

DR. WELLS: We have some. We are even
testing reliability of some right now. We do not
use them operationally.
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CHAIRMAN SCHREINER: Now let me come
back to two points, if I may. One is the record
keeping of your thousands of exposures every year.
How is that done? Is there a centralized place
in your agency that keeps logs?

DR. WELLS: Each diver submits a log. It comes
in to my office here in Rockville and is put into
a computer. We have breakdowns, by both depth
and time. We use atmospheres, time in minutes
and we break down the percentage of our dives.
So we have rather decent records on depth-time
combinations.

CHAIRMAN SCHREINER: Is this data base
available to the public?

DR. WELLS: Anyone that wants it. Do not put
that in Pressure please, because as soon as we
make an announcement like that, the letters come
in from all the sport divers and teenagers all over
the country who are writing term papers.

CHAIRMAN SCHREINER: I understood 20%
in Bill Shane's operation are female, I believe; is
that correct?

DR. SHANE: Yes, sir.

CHAIRMAN SCHREINER: Are there any
physiological or special considerations? Are there
decompression allowances made, particularly in
cases of pregnancy or with regard to anatomical
and physiological differences, or are they ignored?

DR. WELLS: The only sexist thing we do in that
area is provide the women with special diving suits.

DR. SHANE: We do not permit pregnant ladies
to dive.

DR. WELLS: Correct. That is also for the
in-house NOAA people.

DR. ELLI01T: I think we have not quite ans­
wered the first question yet, that about the valida­
tion of dive computers, the diver-carried decom­
pression computers. Do you see that as being
within the discussion of this group? I imagine the
answer should be yes.

DR. WELLS: Yes. You took the word right out
of my mouth.

DR. ELLI01T: And secondly, Heinz has touched
on this question of what do we mean by "validity."
Chris said, "5 percent incidence was the original
basis." Well, we may have reduced the percentage,
but what is bends incidence? Are we referring to
reported symptoms, or are we referring to some­
thing which depends upon the judgment of a
doctor or a dive supervisor, or perhaps the number
of recompressions, and is that, indeed, a correct
measure of the validity of a table? I hope others
will address what they mean by "validity" in their
presentations. ,

Associated with that, we have the problem in
the North Sea of an alleged severe prevalence of
Type 2 DCS when diving beyond the Old World
Navy Limiting Line, and I think, therefore, that
one has to talk about the validity of different
depth-time duration parts of the table. To give an
overall incidence of virtually no bends out of
thousands of dives, I think, may be meaningless.

And then, finally, you are dependent on the
feedback you get from your divers of the number
of bends, etc., they had, and you file logs. Now,
I am not saying that NOAA does this, but it is
alleged that a dive log written after a bend is not
necessarily valid, and therefore I would like to
suggest that compliance assurance with decom­
pression procedures is something that we should
check. I think a lot of the bad words said about
some decompression tables may be due in fact to
the divers not having used the table properly, and
the poor old guy who generated the table gets the
stick, but it is not his fault.

DR. YOUNGBLOOD: Do you not realize that
the American government uses polygraphs when
they debrief their divers, in your example.

DR. WELLS: A couple of comments there. We
are quite interested in the development of diver-­
carried decompression computers, but again rather
cautious about the reliability of such things.

Also, I did not mean to imply that there are
problems with existing standard tables. Our desire,
and a very strong desire, is to increase operational
effectiveness, which means new tables and testing
them. We are getting more reports of subtle
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decompression sickness, a lot more than we got a
decade ago because the guys 10 years ago would
just sweat it out and they would go away. We
really hit it hard in our training. The divers, now,
are reporting some of these, at least with greater
frequency than they used to. But perhaps not all
of them are being reported.

MR. GALERNE: It is more equipment than
anything else. In our organization, we have sys­
tematically recorded on paper thousands and
thousands of dives. And a few times, we find, you
know, the bends occur after a normal decompres­
sion. But also we find something which I do not
like, but we cannot raise that here. Some divers
do not seem to be able to take regular decompres­
sion. Some divers are difficult to bend and some
are very sensitive. And, often, you have the same
accident on the same table with the same man and
with nobody else. So, I suppose somewhere in the
physiology of the man there is something that we
do not know which makes 'him very susceptible.

DR. ARMER: It seems to me there are two
tremendous inaccuracies of collecting data here
from NOAA divers and my divers. One is, we
really do not know very much about the log of the
depth of a particular dive because they are work­
ing during the dive. They may say, "I dived to 40
feet," but what they mean is over a two-hour
period that was the deepest they thought they
went, but their dive actually was up and down and
all over the place so that it is very, very inaccu­
rate. But there is a gadget that the Japanese [Dr.
Nashimoto, Saitama Medical School. Ed.] now
have, that will log a dive accurately and store it in
a little computer. I believe that is going to be
available or is now just available.

The other thing is, we are getting better, too,
in reporting bends incidents. I recently find in my
annual exams that if I question enough I will find
what appears to be a history of a minor problem
that otherwise would never have been mentioned.
So, the true incidence is very hard to get.

D~. ELLIOTT: Could I just pick up that point
about depth/time recording? There is, actually one
which is available; it was developed in Norway. It
has got a 200 hour recording duration, taking
samples of the time and depth. It was evaluated

by the Norwegian Navy, and currently we (Shell)
are using it on one of our single-buoy moorings
(not in the North Sea, but on the other side of
Britain) where we have year-round surface decom­
pression diving at 140-170 feet. We are evaluating
these records at the moment and it seems to be
working very well. After the dive, these data are
downloaded into a minicomputer; you can collect
lots and lots of dive data in this manner.

We are doing this as a development. We will
certainly keep it in the picture. I want it in the
record because the problem has been mentioned,
and I think it is one way you can assess decom­
pression compliance and, therefore, the validity of
operational tables as used.

CHAIRMAN SCHREINER: Well, I think this is
very germane because it has been very clear for
the last hour that experience is the foundation of
decompression safety and validation and the ac­
curacy with which these experiences are recorded
obviously affect the validity of the base on which
we proceed.
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EXPERIENCES ESTABLISHING DECOMPRESSION PROCEDURES AT NSMRL

Harvey, C.A., Parker, J.W. and Burns, A.C.
U.S. Naval Submarine Medical Research Laboratory

The United States Navy policy for the
promulgation of new decompression tables
follows a well defined pathway (Table 1).
Following research efforts to develop new
tables or modify existing ones, the proposal
is submitted to the Commander, Naval Sea
Systems Command for the attention of the
Supervisor of Diving, via the Navy Experi­
mental Diving Unit. If the proposed table
or modification is found to be valid by the
Experimental Diving Unit (they are tasked
with table development and modification by
the Navy) the Supervisor of Diving will
assemble these proposals into numbered
changes to the U.S. Navy Diving Manual. (1)
These numbered changes also include informa­
tion on equipment, techniques and procedures
as they are developed.

USN SUBMISSION PATHWAY
1. Contributor of Decompression Table

2. Experimental Diving Unit

3. Supervisor of Diving

4. Commander Naval Sea Systems Command

Table 1. Pathway for submission and approval
of new and modified decompression tables
within the United States Navy.

When proposed tables are accepted for
restricted use, for example in a pressurized
rescue scenario, they will not be published
in the Navy Diving Manual. Rather, the
tables and guidelines for their use will be
promulgated via message or instruction. Use
of these procedures is then carefully moni­
tored to insure they are employed only in
the intended circumstances.

Naval Submarine Medical Research
Laboratory (NSMRL) has followed traditional
approaches to formulate usable decompression
procedures. Investigators are trained in
the classical methods of calculating decom­
pression tables. They complete literature
searches and consult individuals with govern­
ment, academic and private experience in
developing and testing tables similar to
those desired for the task at hand. Fre­
quently, proposed decompression procedures
extend known limits sufficiently that prelim­
inary animal work is deemed prudent prior
to human trials. Following animal studies
and limited human testing, tables that seem
safe and practical are made available for
further laboratory testing and emergency
use in the fleet. Data gathered using these
tables is recorded at the Naval Safety

tables is recorded at the Naval Safety
Center published by NSMRL and is available
to other investigators for use in further
table development.

For example, work during Project Genesis
to establish safe diving procedures for sat­
uration diving began with animal studies at
Naval Submarine Medical Research Laboratory
in 1957. (2) Proposed saturation decom­
pression schedules for human exposures
were calculated by Dr. Workman. (3) Initial
human experimentation consisted of testing
three men breathing helium at surface pre­
ssure for seven days, followed by the expo­
sure of three men at 100 feet for six days
before decompression, and ultimately by
the exposure of three men at 200 feet for
12 days. These exposures were followed by
exposing four divers to 300 feet for 24
hours. Two divers were exposed at 400
feet for 24 hours. Using these decompression
tables, based on Workman's calculations,
all divers emerged symptom free at the end
of the decompressions.

The experiments then moved into the
ocean. Sealab I exposed four divers at
193 feet for eleven days and Sealab II
exposed 28 divers at 204 feet for two weeks
or more. Only a 50 year old diver developed
decompression sickness out of the 32 diver
subjects. As in most decompression table
development, the procedures developed for
these decompressions were based on the best
knowledge available at that time. The number
of initial human exposures has frequently
been small when examined by the statistical
methodology developed by Berghage and
Heaney. (4) With continued development these
tables have enjoyed a reasonable degree of
success. Recently a table for unlimited
excursions from individual storage depths
was developed by the Experimental Diving
Unit, tested and approved for field use.
It had reasonable, but limited, testing and
after operational experience at Submarine
Development Group One, the Navy mandated
decreased magnitudes of allowable excursions.
Ultimately a modified table was considered
sufficiently reliable for inclusion in the
U.S. Diving Manual.

Today, thirty years after Dr. Bond and
his investigators conducted their early
animal experiments, NSMRL is still using
relatively few divers to test decompressions.
It is adding data manipulation by powerful
statistical algorithms, described by
Commander Weathersby and his colleagues else­
where in this workshop. These algorithms
will be used to quantitate the inescapable
risks of decompression sickness during the

Page 17.
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emergency submarine rescue procedures we have
been developing for over ten years. Those
tables are the best emergency procedures cur­
rently available, but routine use of them
will be allowed only after review by appro­
priate higher authority, field testing and
training exercises generate the numbers of
man dives necessary for statistical confi­
dence.

All tables are associated with a finite
risk probability and the scientist can define
that risk probability, but real proof of
safety of tables comes only at the cost of
large numbers of data points ... or in this
case dives. Validating decompression tables
requires development and laboratory testing
based on, among other things, historical
experience. Initial development, grounded
in common sense and practical resource limi­
tations must sooner or later give way to
controlled field testing with adequate sup­
port in an operational situation. Feedback
of data from the field and ability of the
system to accept and promulgate modifica­
tions are essential. When a sufficiently
large number of dives are accumulated, both
the decompression theory and the tables
based on it can be evaluated with some
measure of statistical reliability. The
end user of the tables can then make a
choice as to what degree of risk is accept­
able for any operational conditions. Those
making such decisions must realize that the.
closer one approaches a decompression sick­
ness incidence of zero, the greater the
direct and indirect developmental and opera­
tional costs incurred. It is incumbent on
the diving supervisor and those responsible
for choosing tables for use to insure that
the decompression procedures chosen are
appropriate for the situation at hand.
Tables developed for a restricted population
may not be applicable to a general popula­
tion. Environmental conditions and physical
standards for specific divers and operations
may differ significantly from those under
which the tables were developed. The reli­
ability of the tables may then differ signi­
ficantly from published data. At present
informed consent and as sumption 0 f some
risk by the diver in return for a reasonable
compensation seems the most sensible solu­
tion. The assumption of higher than normal
risks may prove necessary under some circum­
stances. Thus exceptional exposure tables
might be the only option to rescue a trapped
diver or submersible. Even calculated but
untested tables and procedures sometimes
prove invaluable. One classic example
comes to mind of the decompression of two
divers who were trapped for 73 and 45 hours
at 55 fswg when a barge hull broke and
trapped them during salvage operations in
World War 11. 5 The concepts of saturation
decompression were largely unexplored.
However immediate recompression after their
rescue and application of the concepts of
Haldane of reducing the pressure to half
and resaturating before further pressure
reductions was life-saving.

The issue of informed consent to con­
tinue evaluation of decompression tables
becomes critical when evidence of delayed
pathology such as Dysbaric Osteonecrosis
presents. Both divers and supervisors
should be informed when tables have a low
degree of long term statistical validation.

Urgency can often affect the degree
of risk that is acceptable in a diving
operation. Navy divers readily embraced
decompression procedures with an accepted
high risk'to conduct rescue and salvage
operations on the Squalus in 1939. Current­
ly, the U. S. Navy Diving Manual contains
not only tables for routine surface-supplied
diving operations but also exceptional
exposure tables known to carry a higher
risk of decompression sickness. They are
reserved for truly unusual circumstances.
Indeed, the surface supplied Helium-Oxygen
tables are all exceptional exposure tables
for operations below 300 feet beyond which,
for routine operations, saturation diving
techniques are used almost exclusively.
High costs, the emergence of successful
saturation techniques and the dictates of
statistical validation have simply made it
impractical to conduct the number of test
dives that would be required to improve
existing surface supplied tables in the
extreme exposure ranges. Thus, they exist
but are reserved for emergency use only.

Even tables published for routine use
may be seldom employed and must be periodi­
cally reexamined. The Navy has an elaborate
system for reporting all diving operations
to the Naval Safety Cent~r and studying
the outcome of decompressions conducted.
Berghage, et al. examined diving operations
conducted over a typical two-year period.(6)
They emphasized that. the greatest amount
of data and safest tables were concentrated
in shallow diving. Overall 8604 divers over
a two year period required decompression and
resulted in a decompression sickness inci­
dence of 0.41% (35 cases). However the dis­
tribution of decompression sickness was not
uniformly or proportionately distributed
among the categories of recorded dives.
Deeper and longer dives accounted for a
disproportionate number of cases. Specifi­
cally, dives to 100-200 fswg accounted for
only 12% of the dives but 57% of the decom­
pression sickness. Saturation dives account­
ed for only 0.3% of the dives but 20% of the
decompression sickness. Clearly, the tables
in these areas carry somewhat greater risks
than the shallower and shorter tables.

Historically, those proposing new diving
tables throughout the diving community have
seldom been able to test them to a 'high
degree of reliability. Testing is conducted
to practical limits of time, money and
resources. The tables are released for use
in some form of operational manual with
only minimal reference to their development,
testing and reliability. Accumulation of
diving experience follows but accumulation
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of this data is not synonymous with improving
the tables. It is frequently necessary to
continue using the available tables until
resources are available to design and test
new tables. In March 1981 the U.S. Navy
conducted salvage operations of an aircraft
in 230 feet of water and utiliz~d standard
U. S. Navy helium-Oxygen tables that had
received very limited operational use up
to that time. Careful support with extra
master divers, extra chambers and experienced
Diving Medical officers was provided ... and
the care proved justified. Thirty-eight
divers were decompressed on standard Helium
Oxygen tables after dives to 230 feet. Six
of these suffered decompression sickness
which resolved with prompt treatment. The
Navy is developing data to improve these
deeper Air and Helium-Oxygen tables. In
the meantime though, the existing tables
are the best we have available and must be
utilized with appropriate support if the need
arises.

Divers are made aware during their
training that there is a finite probability
of decompression sickness with each dive
requiring decompression and this risk in­
creases as the depth and time of exposure
increases. While establishing an arbitrary
limit of decompression sickness incidence
of less than 2% for all diving operations
(as required in the Institute. of Civil
Engineers for work at the Tyne Pedestrian
Tunnel in England)(7) is laudable, it appears
an unrealistic goal for deeper, longer
diving operations at present. Far more
data must become available and new tables
explored, both experimentally and opera­
tionally, for decompression tables to
achieve such an objective.

3 and 4) relied in part on information
carefully gathered at the University of
Pennsylvania in the International Decompres­
sion Data Bank. Drs. Kenyon and Hamilton
at Ocean Systems, Inc., Tarrytown, using
information from the NOAA OPS effort, com­
puted the initial experimental tables for
these efforts. In spite of the care that
went into these calculations the first
human exposure succeeded in bending two
divers out of two. Further modifications
gave the laboratory useful tables. Three
years later the laboratory was computing
its own tables using the same mathematical
model but had only 18 saturation decompres­
sions on which to judge the safety of the
tables so generated with minimal testing.
They were the best tables available to the
Navy, had the Deep Submergence Rescue Vehicle
been called on to effect a pressurized ~escue

utilizing Air or Nitrogen-Oxygen saturation
decompression techniques.

TABLE VALIDATION
DIVE NO. SUBJs

AIRSAT-4 18
AIRSAT-5 33
AIRSAT-6 (in progress) 6

Rates based on K(Pi02) Model (Vann)

Table 2. Number of dives conducted for
initial table validation at NSMRL during
AIRSAT 4-6 dive series.

TABLE VALIDATION

NSMRL would be very happy to have the
rescue tables we are producing ultimately
show an incidence of less than 2% decompres­
sion sickness. As an example of the problems
we face, Figure 1 shows a graphic projection
of data and theories we examined to estimate
the magnitude of the initial decrease in
pressure that a submariner might be able
to tolerate when transferred from a mother
submarine following saturation exposure to

NO. SUBJs

During the -1970's NSMRL continued to
gain knowledge concerning the characteristics
of inert gases and the vagaries of successful
decompression from shallow saturation dives.
Initial laboratory studies involved few sub­
ject for any given exposure profile. Larson
and Mazzone(8) explored decompression proce­
dures for excursions from a submerged habi­
tat. They exposed from 3 to 8 dogs on six
different excursion profiles before pro­
ceeding to human exposures where from 1 to
6 humans dove the same profiles. Markham(9)
exposed 13 subjects at 40 feet in cooperation
with the Tektite project to show that the

-mathematical assumptions used in computation
of Nitrogen decompression tables would have
to be more conservative. The number of
subjects was small for statistical valida­
tion in each case. Useful tables and infor­
mation were evolving. Operations during
projects Tektite and Flare as well as re­
search at other facilities slowly added to
the data available.

NSMRL continued the exploration of
saturation diving and decompression with
air and Nitrogen-Oxygen mixes in the early
1970's.10 Projects SHAD and NISAT (Tables

DIVE

Pre-SHAD
SHAD-1
SHAD-2
SHAO-3

Table 3. Number of dives
initial table validation at
SHAD dive series.

2
2
2
3

conduc ted for
NSMRL during
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compressed air up to 132 fswg in a disabled
submarine. It is overlayed with unpublished
data from current laboratory experiments
which address this area of investigation.
Figures 2 and 3 represent the dive profiles
developed from the theoretical and historical
data contained in Figure 1. Table (2)
shows the number of man dives conducted to
date to test the hypothesis that an initial
excursion could be made to depths predicted
by the type of data shown in Figure 1. It
has taken many dives and dollars to establish
the validity of our predictions ... and useful
emergency guid.lines. The numbers are not
sufficient for a high degree of confidence
as yet, even with a good deal of preliminary
diving and 10 clean man dives at the extremes
of the table. A draft of a manual of tables
and procedures is currently in preparation
by NSMRL and Submarine Development Group One
and will be submitted for review and approval
for potential emergency use in Deep Submer­
gence Rescue Vessel (DSRV) operation.

AIRSAT-5H, 51. I> 5J
Saturation Dive Profile

&II.'i NITROX
a2: p02 • 0':

40

20

0 0 0 0 0 0 0 0 0 0 0 0
0

0 0 0

I0 0 0 0 0 0
.~

0 0 0 0 0 0
0 C'J CD C'J CD C'J CD C'J CD '" 0
C'J 0 0 C'J 0 0 0 C'J 0 0

10
C'J

C'J C'J C'J C'J ~ ~ ~ 10 10 10

May, Jun, •Sep 1986 Dive day/time
r, . 9 Diver/subjects
I Type-! DeS at 14 FSWG

Figure 2. Profile of AIRSAT 5 H-J at NSMRL.

TABLE VALIDATION AIRSAT-68
Saturation Dive Profile

DIVE NO. SUBJs

* USN He02 Table
# USN He02 Table (modified)

NISAT-1 3
NISAT-2 * 3
NISAT-3 # 3

I~AIR

I
I:?95l NITROX
~p02 • 0.4

I

I
I

i

I

Dl ve oay/t lme

40

BO

20

60

Feb 1987
N • 3 Diver/SUbjects
No Cases of DeS

conducted for
NSMRL dur i ng

Table 4. Number of dives
initial table validation at
NISAT dive series.

CRITICAL PRESSURE COMPUTATIONS - AIR
From Hennessy I;; Hempleman (1977)

/,.:;'

oL~'&..~-----'------:9~9----:-:13~2-----:1~6;;-5---:;19B
o 33 66

Pi (FSW)

Figure 1. Critical pressure computations­
Air. From: Hennessey and Hemp1eman, 1977.
Overlayed with NSMRL data.

Dr. Thalmann at the Experimental Diving
Unit suggested in 1984 a decompression table
for ascent from saturation on air at 60 feet
which had 10 clean man dives. Preliminary
work consisted of 7 other exploratory dives
involving 71 divers. l 2 This profile with
its large number of man dive data points
offers better statistical validity than other
comparable profiles. It could currently be
utilized in submarine rescue with shallow
air exposures if the need arose.

Figure 3. Profile of AIRSAT 6 A-B at NSMRL.

Recently investigators at NSMRL felt
that a mathematical procedure for computing
decompression rat'es proposed by Dr. Vann
of Duke University offered simplicity and
reliabi1ity.ll Therefore they have adopted
the model for computing ascent rates from
Nitrogen Saturation dives and continue to
test this model in current, carefully con­
trolled, laboratory situations.

o Li terature - No DCS

* Literature - DCS

o NSMRL - No DCS

6 NSMRL - DCS
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Validation of decompression tables must
be based on historical perspective for
initial calculations, laboratory testing,
controlled field trials under operational
conditions, long term evaluation by end users
with appropriate modifications by the promul­
gating authority and adequate validation
utilizing statistical methods as appropriate.
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ADDITIONAL COMMENTS BY CAPT
HARVEY

Someone asked about end points at NSMRL.
We use decompression sickness, Type 1 or Type
2, as an end point, but we do not consider skin
bends as an end point. We do take doppler
readings on all of our dives. We do not change
our profiles based on those doppler readings. We
feed the information back to DCIEM, with whom
we have an exchange program. DCIEM is, I
think, taking the lead in the doppler work.

The next thing I would like to say is that most
of our tables are being developed for submarine
rescue. They are developed for an 18 to 45 year
old age group which is the primary group that you
see on submarines. By the time a man gets to be
in his 50's, he is usually off of submarines or he
has become so senior that he is in staff jobs. It
is an all male population. We use divers who can
pass the United States Navy Diving Physical, which
is pretty well laid out and I will not dwell on it.
But we are aimed at a specific healthy group of
people for a specific mission. We are currently
aiming at dry diving decompression techniques in
our current work.

One other point. In the series of dives we
are in right now we are trying to pick the maxi­
mum jump that we can make from 132 fsw. So
far, we have six dives; to pick the area we can
jump to, 33 dives. That is not a lot of numbers.
It is a lot of saturation diving, but it is not a lot
of numbers.

DISCUSSION FOLLOWING CAPT HARVEY

CHAIRMAN SCHREINER: The Supervisor of
Diving, apparently, is the ultimate authority that
accepts a decompression profile that has been
recommended to him; correct?

CAPT HARVEY: Actually, the Naval Sea Sys­
tems Command, I think, is the one that actually
publishes the Diving Manual which is promulgated,
but the Supervisor of Diving certainly is the one
who makes a recommendation to do it.

CAPT GARRAHAN: The chain of events in
validating the decompression tables is as CAPT

Harvey has indicated. There are two other checks
and balances. We use NMRI also to review and
comment on any tables that come out of or pass
through NEDU. Once we get the comments from
NMRI, NEDU, or any other activity that we may
request, we then forward the package to the Navy
Medical Command, MEDCOM 21, who is CAPT
Bumgarner, who then makes a final review and
comment. The tables then come back to us and
we, in-house, then do an independent "eye search"
of all of the tables to be sure they are the proper
format and so forth.

Once that is done, we then publish them in
the U.S. Navy Diving Manual. We are in the
process at this time of rewriting Volume 2, Mixed
Gas Diving. We expect that volume to be ready
for issue about August of this year. Volume 1 is
also in a rewrite phase at this time. We expect
that volume to be out about February of next year.
Naval Sea Systems Command is the final authority.
Admiral Reardon does sign on the dotted line, but
my office is accountable for maintaining the Diving
Manual.

CHAIRMAN SCHREINER: So there is a meth­
odical chain of review.

CAPT HARVEY: And a good review process,
too.

DR. KINDWALL: Claude, you mentioned Berg­
hage, et al., the work that was done in validating
and looking at where the bends incidence was (ref
6). They showed that there was a disproportionate
amount of DCS for the longer deeper dives as op­
posed to the shallower dives. There is been a
problem, at least in my experience, with that
method of doing it (using the records from the
Navy Safety Center) where the Navy typically does
not use their own tables.

In other words, if you are using the 150/30
table the dive has not been made anywhere near
150 feet for 30 minutes. All the dives on that
decompression schedule are made at 140 feet or
less. Every time, the diver jumps a table or a time
or a depth.

Case in point: we had six divers who had
been on the Skylark, all on the 150 for 30 table.
We called up the Experimental Diving Unit and
said, "Do you have any problem with the 150 for
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30 table? We have got them all, six in one day.
Filled every chamber in town."

Well, they came back, "No. That table is
perfectly all right. There is nothing wrong with it."

Those particular six divers all went to exactly
150 feet for exactly 30 minutes. All decompressed
exactly on the money, where no one ever does
that, normally. Is there any method for extracting
data from the records where you could take the
actual dive made, the actual depth and compute
the end values of all of the tissues at that time to
see how close you were to real limits.

CAPT HARVEY: Our tables allow and our
recording system records the actual depth of the
dive and records the table used.

CAPT HARVEY: It is possible--as long as people
are honest in filling them out, but I think there is
sometimes a question about that--whenever you get
huge numbers of papers filled out by huge num­
bers of people, I always question how accurately
everybody is in doing it. But, if we are willing to
accept the recorded values, you can look at the
actual depth and actual time of the dive, as com­
pared to the table that was used.

Now, the problem is, as you point out, we
may slide a depth and slide a table to allow for
hard work in very cold water. The Navy's ap­
proach to these variables is to simply slide times
and tables in order to make up for the extra stress
involved. So that if you are going to selectively
start analyzing this data for whatever mathematical
model you want to compare it to (I grew up with
the half-time tissues and am comfortable with that)
you can go back and get useable data out of there
as long as you accept the validity. So, if you are
really going to test tables in the 10 by 10 block we
were talking about, you are going to have to do it
in a laboratory or you are going to have to get a
recording transducer.

DR. KINDWALL: So, really, what we are saying,
then, is those data that were recorded by Berghage
are not relevant. I asked a Navy master diver who
was in for 26 years, "Did you ever decompress
anyone on the appropriate table?" And he said,
"No."

CAPT HARVEY:. We tend to vary or "slide"
tables, but I think your example is perhaps a bit
extreme. I have been out on an awful lot of
at-sea dives, and we do use the tables.

For instance, the 230 foot information I
mentioned on the salvage of the airplane out in
the Pacific, we were in a magnificent situation
there. We had to move the boat after every dive.
The divers were rested. The visibility was excel­
lent. It happened that we were diving within the
10 foot frame of the tables, but we dove every
table right to the money, and bent 3 out of 17 on
the first tables we used.

. Well, we were able to do it because we were
in a very controlled situation. So, there are,
indeed, a lot of tables in there that are controlled.
But I certainly would think that in developing new
tables and other things you can get some clues,
some statistical implications, from those tables.

DR. LAMBERTSEN: In addition to the numbers
that you suggested extracting, you would have to
have awareness of what the other conditions of
the diving were. Without those, which are the
reason for the sliding, the kept computations
would have no meaning.

CAPT HARVEY: Those are somewhat covered
in our recording system. We list bottom condi­
tions. We list water temperatures. We list other
variables that at the time the form was designed
seemed to be pertinent for future evaluation of
just what we are talking about. It takes a lot of
work to do it.
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DEVELOPMENT AND VALIDATION CONSIDERATIONS IN DECOMPRESSION
TABLE DEVELOPMENT

B.A. Hobson
Defence and Civil Institute of Environmental Medicine

Downsview, Ontario, Canada

Introduction

In April of 1985 the Canadian Armed
Forces accepted into serv ice a set of
new Ai r Decompress ion Tables based on
the DCIEM 1983 Decompression Model. In
this presentation, it is intended to
describe the major factors that influ­
enced the development and validation of
that model. This presentation will be
a cross between what was planned td
occur and what evolved over the course
of the project. As such, this may per­
haps be considered a guidebook on this
topic based on DCIEM's experiences in
this area.

Development

In the development phase of the 1983
model the following elements were
present though not all in the sequence
shown. Certainly not all of them were
as clearly def ined as they are shown
here:

A) Identify team
The group that is going to progress
this development must include repre­
sentation from the Scientific, Medical
and most importantly from the Opera­
tional sector. Ideally this team
should also be under the direction of
one of the Operational members as ulti­
mately it is the Operators that must
live with the resulting tables.

B) Define approach
This entails defining what the objec­
tives of the program are to be and more
importantly deciding which method is
going to be used to achieve those
objectives. Two alternatives are:

i. Scientific the exact
1 imi ts of the model chosen
are determined through cal­
culation and experimenta­
tion and then the limits
are set for the Operators.

ii. Operational the limits
that the Opera tors requ i re
are defined and then the
chosen model is evaluated
out to those limits only.

name of science. This generally is
frowned upon by Ethics Committees and
subjects. The Operational approach is
obviously faster and less costly but it
is not good science and it may be hard
for the scientific and medical members
of the team to adopt this method.
DCIEM having limited funds, a small
staff and a pressing operational need
chose this second option and at this
point in the development set out the
following limits:

i. Air Diving Normal Limit
180 fsw (54 Msw) for 30
minutes:

i i. Exceptional Exposure Limi t
- 240 fsw (72 tv1sw) for 40
minutes;

iii. Repetitive Dive Limits
180fsw/30 + 180fsw/30 with
a 2 hour surface interval:

iv. Use of In-Water Oxygen and
Surface Decompression Tech­
niques in addition to Stan­
dard Air Decompression.

C) Identify or develop a candidate
model
Decompression research at DCIEM was
started in 1962 by Kidd and Stubbs who
set out to develop an instrument which
would monitor a diver's depth/time
history and provide instantaneous
decompression information. By 1967,
they had developed a successful decom­
pression computer based on about 5000
man-dives. After further analysis,
Stubbs modified the model again in 1970
to improve the safety in the 200 - 300
fsw range. This final model became
known as the Kidd-Stubbs (KS) 1q71
model and this became the starting
point for the DCIEM 83 model.

D) Computer modelling
A series of representative profiles
should now be calculated using the
mathematics underlying the chosen model
and then the resul ts analysed against
the resul ts for the same prof iles cal­
culated using other accepted decompres­
sion models (R.N., U.S.N.). At this
point the parameters in the model can
be adjusted, if necessary and a trial
and error senario can be quite useful.

E) Physical modelling
Traditionally the Scientific approach Once the model appears to be function-
has been the favored method but this is ing acceptably with digital simula-
very time-consuming and expensive. tion it is necessary to confirm that
Also for the resul ts to be val id you the model works in real time wi th a
must be prepared to hurt people in the pressure input. At this point, it is

Page 25.
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necessary to hook the computer up to a
test chamber and to run the same pro­
files unmanned to confirm that link and
to start the process of building up
subject confidence in the model.

F} Procedure definition
Wi th the model and the computer hard­
ware ready to go it now remains to
relate the mathematics to the real
world and to define the procedures that
the divers and chamber operating per­
sonnel will utilize during all of the
dives. Again here is an important area
in which the concerns of the Operators
should be the primary determining
factor and due consideration given to
the following areas:

i. Standardization of rates
and procedures

ii. Supervisor flexibility
iii. Above all K.I.S.S.

Validation

At this point, having decided upon the
objectives and the approach, having
identified and verified a model, and
having decided upon the procedures to
be used it is now time to start into
the lengthy process of validating the
model. The following factors should be
considered in this regard:

A} Selection of profiles for testing
This can be quite difficult due to the
requirement to balance the number of
different profiles against the differ­
ent decompression methods so that a
comparative evaluation of the different
methods can be conducted. In addition
the profiles chosen must cover the
following areas:

i. The Normal Limiting Line
ii. The Exceptional Exposure

Limiting Line
iii. Any areas where the amount

of decompress ion has been
reduced from that given
under other accepted
methods

iv. Known problem areas of
other methods (ie USN
150fsw)

v. Spot checks over the range
of the model

B} Number of dives
Another difficult area that if left to
pure statistical analysis would make
any validation run into a time frame of
decades. In the case of the DCI EM 83
model we attempted to achieve 50 solid
data points per aspect of the model
investigated and in total we achieved
about 800 man-dives on the model

itself. Aided by the data avail,'\ble
from the work of Kidd-Stubbs (5000 man­
dives) and the fact that we were more
conservative than the USN and RN models
we felt that this was more than
enough. Some of the aspects to con­
s ider here are:

i. How many dives are required
per profile selected?

ii. How many dives are required
per decompression method?

iii. How much time is available?
iv. How many dive subjects can

you handle per chamber run?
v. How many dive subjects do

you have available?

Generally it is the last three factors
that tend to be the driving force in a
program of this nature.

C) Data collection and analysis
Traditionally the prime inoicator of
success in this type of val idat ion has
been the number of bends/number of
dives conducted. This type of analysis
is extremely subjective, it is affected
by a large number of known and as yet
unknown factors and by itself provides
very little information about the
effectiveness of the model. For that
reason DCIEM decided to utilize the
technique of Doppler moni toring of the
dive subjects. Though Doppler as an
absolute indicator of the stress of a
particular profile has limited value it
does give an indication that something
is going on. It therefore can be used
very effectively to give a comparison
of stress between di fferent prof iles,
different decompression methods and
different dive subjects. Some of the
other factors that must be considered
in this section include:

i. How do you assess the
results of a dive, a series
of di ves or the whole mass
of data?

i i. What do you count as good
jive data?

iii. What data can you disregard
as being worthless?

iv. What weighting facto~ do
you give to predisposing
factors when assessing bend
data?

D) Subject selection
The subjects selected should reflect
the age, weight and height range of
your subj ect populat ion. There shou Id
also be a suEEicient number of subjects
available to prevent acclimatization.
You want to get enough dives per sub­
ject, though, to make your training
requirement manageable and also to
allow the inter-profile, inter-method
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comparisons that are vital to the vali­
dation process. Some of the factors
that enter into here include:

i. Physical Fitness - all sub­
jects must be fit to dive
and subjects that have
obvious predisposing fac­
tors, like obesity, should
be ruled out.

ii. Trained vs Untrained Sub­
jects - Though you do give
up some of the scope of
your subj ect populat ion by
using trained divers, you
can dramatically reduce the
predive training you must
give the sUbj ects and you
reduce the effects that
apprehension and narcosis
may have on your results.

iii. Legality - This is a very
large question in today's
climate. Our investigation
into this area led to the
ruling for DCIEM that it is
quite legal to use civilian
subjects in our chambers
but they still have the
right to sue and they will
win if they can prove neg­
I igence. On the quest ion
of waivers to participate,
the current opinion is that
they carry no weight legal­
ly but that they still have
a useful value as a psycho­
logical dissuader.

E) Subject control
This is the area that undoubtably will
give you the majority of your prob­
lems. Identifying and acquiring the
subjects is easy compared to the prob­
lems that are associated with trying to
manage a group of 20 dive sUbjects who
have little or no comprehension of the
requirements of the validation pro­
cess. The factors that must be taken
into account in this area include:

i. Medical Approval - All sub­
jects must have completed a
diving medical and their
records must be vet ted by
your team's Med ical member
prior to allowing the sub­
ject to dive.

ii. Briefing - All of the sub­
jects should receive a com­
prehensive briefing on the
project covering the back­
ground and development of
the model and the resul ts
achieved todate. On com­
pletion of this and a suit­
able question period each
subject should be required
to sign a consent form that

clearly states that the
individual is a willing
volunteer and that they are
well aware of the risks
involved in participating.
It is then recommended that
a further briefing on
administrative details
should follow and then the
subj ects be broken up into
their dive teams and intro­
duced to the staff member
who will be their team
leader over the course of
the dive series. From that
point on each team leader
has the control and respon­
sibility for their team.

iii. Exercise Restrictions - To
reduce the chance of a
masking or predisposing
injury a restriction on
subject exercise is re­
quired for the series. It
is suggested that there be
no UNUSUAL exercise for 24
hours before a dive and no
exercise at all for 4 hours
post Doppler monitoring.

iv. Drug and Alcohol Restric­
tions Again to prevent
undes irable s ide effects
all subjects should be
requested not to consume
any alcohol within 12 hours
of a dive and to inform the
Medical staff if they take
any medications within 24
hours before a dive.

v. Predive Screening - Experi­
ence has shown that subject
honesty or judgement cannot
always be depended upon.
Therefore, a pre-~ive

screening by one of the
med ical staff of all sub­
jects is highly recom­
mended.

vi. Time between dives - This
must again be a compromise
between avoiding diver
acclimatization and getting
value out of a group of
sUbj ects in a set time
frame. We used 36 hours as
the minimum time required
between dives which result­
eo in each subject making a
maxium of 2 dives/week.
Each series then ran 3
weeks cons ist i ng of 1 week
training and 2 weeks diving
thus giving each subject 4

. dives. One furthur aspect
in this regard is the
necessity to ensure that
the subjects are well
briefed not to participate
in any other type of diving
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during the 36 hour period
and that even a 10 ft quick
dip on their day off will
render them unusable for
the next day's dive.

vii. Personalities - Having pre­
viously mentioned subject
honesty you must now add
subj ect unfamil iari ty wi th
bends symptoms, unwi 11 ing­
ness to report symptoms and
unreliability.

viii. Bends Watch - An effective
system must be set up to
quickly and correctly deal
with bends incidents that
may occur during the even­
ing hours. This should
include a beeper/telephone
recall system and a duty
crew identified for each
evening. This requirement
must also be accounted for
in your day to day plan as
a 1:00 4:00 A.M. treat­
ment can use up a lot of
your staff.

ix. Other concerns - Attent ion
must be given to the fact
that you are requiring a
lot of the individuals'
time on a daily basis and
though it doesn't amount to
much, things like subject
meals, entertainment and
pay add to the administra­
t i ve burden and can become
real problems when a frozen
subject who has been wear­
ing a rectal probe for the
past two hours discovers
that someone has just
stolen his box lunch.

F) Chamber Considerations
Now that the other areas have been
dealt with and you are ready to do some
diving you come up against the problems
that diving in a chamber can add to
your program. These include:

i. Computer Controlled Decom­
press ion - If at all pos­
sible all dives should be
decompressed according to a
real time computer that can
monitor t.he profile. This
way the computer takes into
account the vagarities of
chamber diving (ear holds,
variations travel rates,
etc). This also allows a
much more effective compar­
ison to be made wi th the
unmanned runs completed
during the development
phase.

iL Profile Control - In order
for the data on each run to

have maximum value the pro­
file must be controlled in
a manner contrary to every­
thing dive supervisors have
been taught and all the
breaks must go against the
subj ects to ach ieve the
worst case senario. This
includes the following:

a) Going to the exact
depth and staying the
exact Bottom Time that
the profile calls for;

b) Making any gas switches
instantaneously on
arrival at the stop for
the computer and then
switching and flushing
the diver's umbilical;
and

c) Utilizing the full sur­
face interval when
doing a Surface Decom­
pression dive.

iii. BIBS Masks Use of dry
subj ects or surface decom­
pression techniques necess­
itates the use of these
masks. This can lead to
two problems; mask leakage
due to poor fit and over­
taxing of the chamber BIBS
gas delivery system if all
the BIBS masks are in use
s imul taneous ly. To comba t
these problems, DCIEM
matched mask sizes to sub­
jects during training and
incorperated a 20% mask
leakage rate into the
decompression calculation.
We also limited the number
of subjects/chamber.

iv. Field Condition Approxima­
tion - An approximation of
actual field conditions
should be attempted during
the validation. This should
include:

a) Wet Pot Water Tempera­
ture

b) Wet Subject Equipment
- This should cover the
range available to your
diving community (Le.
SLl7, Aga, Hookah, Wet,
Dry, and Hot Water
suits)

c) Subject Work 'Levels
This should cover the
range from Dry Resting
to Wet Working and if
possible should include
work projects, swimming
and the old favorite,
ergometer runs.
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v. Diver Safety - As dicta ted
by the portion of the model
being validated any or all
of the following diver
safety monitoring equipment
should be used:

a) Heartrate Monitor
b) Thermal Monitor
c) Workrate Control System
d) Video Cameras
e) Communications

Recorders

G) Emergency Procedures
Over and above the establ ished Emer­
gency Procedures that deal with chamber
equipment problems it is necessary to
develop procedures to deal with the
kinds of problems that can arise wi th
the portion of model being validated in
each series. These include:

i.
i i .

iii.
iv.
v.

vi.
vii.

viii.
ix.

x.

Summary

Late arrival on the bottom,
Premature leaving bottom,
Computer Failure
Loss of Diver's air
Loss of Diver's 02
Loss of Chamber 02
02 Symptom/Hit In-Water
02 Symptom/Hit In Chamber
Wet Diver Core Temperature
Drop
Failure to make Repetitive
Depth

In summary, it can been seen that the
whole process of Development and Valid­
ation of a Decompression model' is a
project not to be entered into light­
ly. I think as well that the approach
taken by DCIEM in this development is
flexible and can be easily adapted to
virtually any application in this
field. In closing then I would like to
say that if you think that this looks
complicated and involved, I'll come
back next time and tell you about the
problems involved in writing the pro­
cedures for and introducing the tables
to the Sailors in the Fleet.
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DISCUSSION FOLLOWING CDR HOBSON

DR. ELLIOTT: You are talking about chamber
evaluation of tables; we do know from past ex­
perience--certainly from the dry days, but even
after wet chamber validation--that the operational
evaluation before you release it to the Fleet
proves that the table that was thought to be okay
is not. Do you have a formal program for at-sea
testing of new tables, or do you just keep your
fingers crossed?

LCDR HOBSON: No. The Canadians are much
less formalized for the introduction of tables into
the service units because there is only a total of

. 125 clearance divers in the Canadian Forces, and
35 officers. Basically we send the information on
the tables and the validation out to the coasts and
to Cormorant. We attempted to run a short
optimal evaluation on the coast, but it did not
meet with a lot of success because we put too
many things into the evaluation time period. It
was during the time that HMCS Cormorant went
down to NEDU. The NEDU divers came on
board with 47 pieces of equipment to try, and
CO/morant's diving officer decided, "We do not
want to start using new tables here in case every­
one falls down and the Americans think badly of
us." So, they did not.

Throughout the development, however, we
provided the Canadian Underwater Training Cen­
ter with decompression computers and they were
running dives on them. Pembina Exploration
Company in Lake Erie also took our preliminary
tables and started doing dives with them. We did
an introductory training program for the Fleet that
involved some diving, again of a limited nature.
I think in this case we did not opt for a full-blown
field evaluation because we were so far inside
(more conservative) what the rest of the world
was already using and swearing did not need to be
changed.

MR. HOLLAND: What about exercise restric­
tions? One of the things that I believe may be
critical in this sort of thing is people who are
weight lifters and that sort of thing--did you put a
limitation on those types of people because they,
by nature, are always sort of pushing themselves
to the limit and can cause problems before you

dive them and then would subsequently show up
with DCS.

LCDR HOBSON: Yes, we did. Again, with the
exercise restriction, we initially set out that no
unusual weight lifting training was to be done.
One of the worst cases of decompression sickness
in the Canadian Force was in a young fellow who
was not this series. He was at DCIEM during the
Kidd-Stubbs work--he was very proud of himself
and of his chiseled physique. He wanted to show
that morning that he could double his weight. He
went in and he pushed everything. And then he
went on a very hard long dive. And God knows
how many 6 A's and weeks in hospital he spent
later.

On the current series on the helium tables,
we have somewhat of an increase on the restric­
tion; here we do not allow weight lifting 24 hours
before.

MR. HOLLAND: Drugs and alcohol? You
know, whether we like it or not, we do have those
who are partial to a little drop of the wacky-packy,
and sometimes something stronger. I do not know
if that really would have any effect on the decom­
pression, ultimately. But were you doing random
testing on that in any respect at all, or do you
just tell them that they could not do it, and be­
lieve that you do not have that problem?

LCDR HOBSON: No. What we did not say is,
"All right, everybody, here is your bottle. We are
going to test you," and all that sort of thing. We
said, "Hey, if you are doing drugs, tell us so that
if something happens we can say, "Well, maybe it
does have an effect." I suppose the most serious
thing we had reported was codeine capsules or
something like that. They will tell you what they
want to tell you.

But after the fact, where we had some serious
hits, there was one individual who ended up in
hospital in Type 2 because he delayed. He went
to a party. He got drunk. Got blown away, and
ended up in the hospital with three or four 6 A's.
They did a full neurological and after-effects scan
on him, but there was not any indication of drugs
being involved in that particular instance.
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DR. BENNETI: I would like some more infor­
mation about the computer itself, how you had it
connected to the chamber. When I was at
DCIEM they had eight of the computers around,
and they went by the one that was holding back
the greatest amount. I was quite concerned about
this because you already have a terrific random­
ization with eight computers, and you are only
picking out the one that is giving you the hot line.
Do you just use the one computer?

LCDR HOBSON: We have one computer, and
a backup in case it falls over.

DR. BENNETI: But you run on the one com­
puter giving you advice, not a battery of them.

MR. NISHI: It is a digital computer, a microcom­
puter.

DR. HAMILTON: They give the same answer,
unlike the earlier pneumatic models.

LCDR HOBSON: They do. I never mentioned
that one. But digital instruments drive you nuts.
We have digital depth gauges, and also the manual
panel, and then the computer that gives a digital
readout. We had to establish that the computer
depth was the master depth. Whatever the com­
puter said, that is what we went with.

[EDITOR'S NOTE: Use an optical pickup which
produces a digital signal on your master Bourdon
tube gauge and then you will know exactly where
you are and everybody will be happy.]
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USN EXPER IEN:E IN DEa:M'RESS 100 TABLE VAL IOAT 100

CAPT E D Tha Imann (M:) USN
USN Exchange Officer

Royal Navy Instl~ute of Naval Medicine

The US Navy has been active In developing and
va I Idat Ing decanpress Ion procedures for over 50
years. A majority of this work has been done at
the Navy Experimental Diving Unit (NEDU) , which
was Initially located at the Navy Yard In
Washington DC and moved to Panama City, FL In
1974. Most of these dives have been documented In
NEDU Reports and Tab Ies 1 and 2 are a
summar Izat Ion of the pub I Ished data with
references. These efforts have encanpassed over
12,000 man dives resulting In approximately 550
cases of decanpress Ion sickness. I t shou Id be
noted that Tables 1 and 2 do not represent a
canplete canpi latlon of the total US Navy effort
since it includes neither dives done at other US
Navy facilities, nor the many dives done at NEDU
which were never documented In NEDU reports.
Rather, these tab Ies shou' d be cons Idered as a
lONer I 1m Itest lmate of the US Navy's efforts In
decompression table validation.

Th Is paper Is d I v Ided Into three ma In sect Ions.
In HISTORICAL OVERVIEW efforts through 1970 wi II
be described which resulted In development of most
of the USN decompression procedures currently In
use. In RECENT STUDIES efforts fran 1970 through
the present wi I I be discussed, al I of which I have
either been persona I I Y Invo I ved In or have
personal knONledge of. In CURRENT CONSIDERATIONS
IN TABLE VALIDATIONS will be presented the
considerations which should be taken Into account
for decanpresslon table validation as wei I as the
basis for these considerations. It should be
noted that the op In Ions expressed In th I s paper
are my own and not necessarily US Navy pol Icy
unless expl Icity stated as such.

HISTORICAL OVERVIEW

The USN s Imu I taneous Iy deve loped AI r and He I I um­
Oxygen bounce dive procedures us Ing s 1m I Iar
methodo logy. Since these deve lopments were
concurrent there were same methodological changes
made Inone ef fort based on the resu I ts of the
other. Since the USN Standard Air Tables are the
most Widely used of USN Tables their development
wll I be of most Interest. Of secondary Interest
wI I I be the He I Ium-oxygen decanpress ion tab Ies.
Other efforts are described for canpI eteness.

Standard Air Tables

The USN Inher Ited the Ir AIr Decompress Ion Tab Ies
from the Roya I Navy In the form of the Ha Idane
Tab Ies. These tab Ies formed the bas Is for the
Bureau of COnstruct Ion and Repa Ir (C&.R) tab les
which were replaced In 1937 by a set of USN
developed tables (called the USN Tables In Table
1) which underwent a single revision In 1957

(11,12) (called the CUrrent Tables In Table 1).
Much of the validation done leading up to
development of the USN Tables was Involved In
determining the air no-decanpresslon curve and
I nvest Igat I ng theoret Ica I tissue nitrogen
offgass I ng rates (1). I n one ear Iy stUdy Itwas
conclusively shown the post-dive exercise
Increased the probabl I Ity of decompression
sickness (DCS), rather than decreasing It because
of Increased b Icod f ION as had been theor ized (4).

Based on an analysis of previous experience, Dwyer
( 9 , 10 ) s ystem I zed the ca Icui a t Ion 0 f
decompression tables and programmed a UNIVAC
computer to produce a set of schedules which were
validated over the period fran 1956-1957. In the
end, however, empirical modifications were made to
sane schedules In order to reduce the Incidence of
DCS. ThUS, the Current Standard Air Tables cannot
al I be calculated directly from the mathematical
model Initially used to program the UNIVAC.

In validation of the Current Standard Air Tables,
Itwas init Ia I IY planned by Des Granges (11) to
dive each of the 88 canputed air schedules a total
of 6 times. When testing repetitive dive tables,
61 different representative combinations were
chosen and dove twice (12). On the bounce dives,
once 6 DCS free dives were obtained on a
part I cu I ar schedu I e It was not dove aga In.
Exercise was performed at depth by lifting a 70 Ib
we I ght 26-30" ten times each minute wh I led i vers
rested during decanpresslon. Water temperature
was set to a comfortable level (11). As a result
of Des Granges' testing the maximum air depth was
set to 190 FSW, and the resultant air
decompress Ion tab Ies are those current Iyin use
today.

A I r SUrface Dec:x:n1'Jress Ion Tab Ies

The concept of sur face decompress Ion was
demonstrated to be pract Ica I by Hawk I ns and
Shl I ling In 1935 using the old C & R Tables (3).
The obv Ious advantages of th is procedure caused
vigorous development from 1942-45 with operational
dives done by Gouze and chamber dives be I ng
conducted by Van Der Aue (3). In'the latter stUdy
the effects of exercise, Immersion and temperature
were I nvest Igated. Exerc ise was done by we i ght
lifting at depth (as described above), and divers
rested dur I ng decompress Ion. Itwas c I ear I y
demonstrated that exercise at depth Increased the
Incidence of DCS and since that time exercise at
dept h has been used I n a I I USN bounce dive
validations. Immersion was observed to have a DCS
Incldence similar to dry dives so long as divers
exerc Ised at depth. No effect of water
temperature on DCS Incidence was reported although
it var Ied fran 38-64oF. Van Der Aue did stress
the relationship between post dive fatigue and
inadequate decanpresslon. Van Der Aue's surface
decompress ion stud Ies were done us ing the 1937
USN AIr Tab Ies. After the air tab Ies were

Page 33.
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TABLE 1

NEDU Nitrogen Validation Dives

AIR AND N202 BOUNCE

MAN
DATE EXPOSURES DCS TABLES REFS

1933-35 2143 46 AIR NO-DECOMPRESSION (1 )

1949 201 18(33) AIR NO-DECOMPRESSION (POST DIVE EXERCISE) (4)

1956-57 564 27 AIR BOUNCE DECOMPRESSION (11)

1956-57 122 3 AIR REPETITIVE DIVES (12)

1960 174 6 AIR N202 EQUIVALENT AIR DEPTH (19)

1977-80 683 35
0.7ATA CONST. P02 IN N2 BOUNCE. MULTI- (33.34)
LEVEL REPETS

1984 837 45 REVlSED AIR/0.7ATA CONST. P02 IN N2 BOUNCE, (36)
MULIT-LEVEL REPETS

AIR AND N202 SURFACE DECOMPRESSION & SATURATION

MAN
DATE EXPOSURES DCS TABLES REFS

1935 406 ? SUR-D AIR(C &: R TABLES) (8)

1942-43 130 0 SUR-D AIR(USN TABLES) (8)

1945 282 27(25) SUR-D AIR(USN TABLES) (3)

1951 1576 19(118) SUR-D 02(CURRENT TABLES) (8)

1957 76 4(9) SUR-D AIR(CURRENT TABLES) (13)

1957 46 >13 AIR SUBSATURATION (14)

1961 259 >100 N202/AIR (ALTITUDE PROVOCATION) (20)

1979-86 111 11 60 FSW AIR SATURATION (TREATMENT TABLE 7) (38)

NUMBERS IN ( ) ARE REPORTED MILD DCS.UNTREATED
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TABLE 2

NEDU Helium Validation Dives

HELIUM OXYGEN BOUNCE

DATE MAN DCS TABLES REFS
EXPOSURES

1939 700 ? He02 PAR~ PRESSURE (2)

1949 424 6 He02 PAR~ PRESSURE (INCLUDES SOME OPEN SfA) (5)

1950 49 12 DEEP He02 PAR~ PRESSURE (7)

1959 254 19(38) He02 SEMI-CLOSED SCUBA (16,17)

1965 486 6(27) He02 SEMI-CLOSED SCUBA (21)

1970 74 18 R~SED He02 PAR~ PRESSURE (29)

1984 1582 57 0.7ATA P02 IN He CLOSED CIRCUIT SCUBA (35)

HELIUM OXYGEN SUB-SATURATION AND SATURATION

MAN
DATE EXPOSURES DCS TABLES

1965-68 356 45 ADS IV,SEALAB III SUB-SAT

1966-68 97 8 SEAlAB III SAT DECOMPRESSION

1969-70 74{ 1126} 13 SAT REPETITIVE EXCURSIONS

1974-76 72{ 245} 5 UNUMITED DURAnON EXCURSIONS

1978-87 42{ 78} 10 R~SED SAT DECOMPRESSION AND
UNUMITED DURAnON EXCURSIONS

REfS

(24,30)

(28)

(23,25,26,27)

(31)

(32.46)

NUMBERS IN ( ) ARE REPORTED MILD DCS, UNTRfATED
NUMBERS IN ( ) ARE TOTAL MAN EXCURSIONS
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revised In 1957, Workman performed dives to
establish surface decanpresslon procedures using
these revised air tables (13). The main concern
with the rev Ised a Ir tab Ies was the Increase In
ascent rate fran 25 FSW/mln to 60 FSW/mln.

Oxygen had been knONn for sane time to decrease
the Incidence of DeS If breathed during
decanpresslon and In 1951, Van Der Aue et al (8)
tested surface decanpresslon procedures breathing
oxygen. This was a large dive ser les· with 1316
dives done In the chamber and 252 done at sea.
Eight additional dives were done on selected
divers who had experienced OCS. Exercise at depth
was eIther by I Ift Ing a we Ight or by wa Iking on
the bottan. Sane 212 man dives were done In warm
sea water (67-76oF) off of Key West, Florida and
151 were done In cold water (38-51 o F) In a
chamber. Based on the experience of 3 divers who
made a total of 8 dives In both cold and warm
water it was concluded that the Incidence of OCS'
In cold water was lower than In warm, an
observation stl I I much debated. The Surface
Decanpresslon Tables using Oxygen resulting fran
th Is dive ser les are the ones current Iy In use.
Since they were canputed Independently fran the
air tables In use at the time, they were not
revised When the air tables were revised In 1957,
and are stl I I In use.

Other AIr and ~02 Tab Ies

With the advent of mixed gas SCUBA and the desire
to min Imise decanpress i on by us Ing Increased
Inspired oxygen levels a series of dives was done
In 1960 to test the Equ Iva Ient AIr Depth Theory
(19). In a subsequent dive ser les to test this
theory divers were taken to an altitude of 18000
ft 30 min after surfacing fran a dive (18,20) to
see hON long It took to provoke pa In-<>n Iy symptans
of DCS (Table 3). Dives were graded as more

TABLE 3
Altitude Provocation

(KIESSUNG AND DUFFNER, ref 18)

stressful the shorter the tIme to symptom
deve lopment at a It I tUde. The techn Ique of
AIt Itude Provocat Ion was not used In any other
dive series most likely because of the complexity
at having to man an altitude chamber as wei I as a
hyperbar Ic chamber. The Intent of the AIt Itude
Provocation technique was to develop a more
objective method of assessing the adequacy of
decanpress Ion than the symptan rank Ing techn Ique
of Snyder and Duffner developed In 1958 (15).
While the so-called "Snyder SCore" (Table 4) was
developed using sane 176 air no-decanpresslon and
decanpresslon dives It was only used as a method
of evaluating dives during development of the Heo2
SCUBA Tables (16, 17, 21).

In an early effort to develop sane air saturation
decanpresslon tables Workman did sane 140 FSW
dives with bottan times fran 90 to 360 min (14).
These were dry, resting dives and these conditions
were based on an observation by Van Der Aue that
exercise made little difference In the DeS
Incidence for long bottan times.

He I Iun-Oxygen Part Ia I Pressure Tab Ies

Documentation of the development of these tables
Is not so canplete as for air dives. In one of
the ear I Iest NEDU reports sane 700 man dives to
depths of 500 FSW are c Ited wh Ich formed the bas Is
for the He I Iun-oxygen Tab Ies (2). Another large
series was done by Van Der Aue In 1949 In which
schedules In the 75-4~9 FSW depth range were dove
wh i Ie test Ing a new ventur I systen for the Mk V
002 scrubber (15). In 1950, an attenpt was made
to extend the depth range of the current Hellun­
Oxygen Tables and dives with 10 min and 20 min
bottan times were done at 495 and 561 FSW (7).
The OCS Inc Idence on the 20 man dives was such
that the Invest Igators recanmended not extend Ing
the depth-time limits of the tables. All of these
dives were done sutrnerged with divers exerc Ising
on the bottan.

TABLE 4
Modified Snyder Score

(AFTER KIESSUNG AND WOOD, ref 20)

SURFACE INTERVAL
(MIN)

0- 15

15- 45

45- 50

50-110

110-115

ACTION

REST

DEEP KNEE BENDS

ASCENT TO 18000 FEET AT
6000 FEET/MIN (ON 100"
02 AT 10000 FEET)

DEEP KNEE BENDS AT
18000 FEET

DESCENT TO 1 ATA

e- No Symptoms

1- Itch

2- Slight Rash or Fatigue

3- Moderate to Severe Rash or Fatigue

4- Dull Ache

5- Sharp Pa in or Multiple Aches

6- Treatment Table

7- Treatment Table 2

8- Treatment Table 3

9- Treatment Table 4
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It Is Interesting to note that the effects of
exercise on DCS were being taken Into account at
the ear I Iest stages of the He I Iun-oxygen Tab I e
development. In computing these tables the bottom
times were purposefully doubled because It was
assumed that the divers wou I d be work I ng to
exhaustion whl Ie at depth (2).

'The cur rent He I I um-Oxygen Sur face Supp I led
decompress Ion tab Ies are the most long I Ived of
the USN tables, no modifications having been made
In than since they were Initially computed. In
1970, A I exander, Flynn and Sumnl t t tested a
rev Ised set of He I Iun-oxygen tab Ies based on the
analysis done by Workman (29). Workman concluded
that the decompression times for the deep tables
shou Id be Increased wh I Ie for sha I Iemer dives I t
should be decreased. The tables Initially tested
by Alexander et al were 200 FSW for 60 min and 250
FSW for 50 min which were same 30 min and 57 min
longer than the tables In use at the time. There
were 18 cases of DCS on the 54 man dives wh Ich
were completed and the series was stopped without
any revision to the existing tables. No
explanation for not continuing the series was
given In the resulting report. (29). In an
unpub I I shed ana Iys I s of USN open sea dives from
1968 to 1983 I t was found that a tota I of 4531
dives were done to depths of 200 FSW or greater.
Of these. hemever. 4191 were for bottom times of
10 min or less and only 12 cases of DCS were
reported. There were no reported cases of DCS In
the 222 reported 20 ml nand 30 ml n bottom time
dives. There were 118 dives reported In the 40­
140 min range resulting In 20 cases of DCS. The
cases of DCS were random and did not appear to be
related to depth or bottom time but the nunber of
reported dives I s too sma I I to be ana lysed
stat Ist lea Ily. Ear Iler NEDU reports ment loned
that the Inc Idenee of DCS on the he I Iun-<>xygen
tables was quite lem but no statistical data Is
presented. One I I ke I y exp I anat Ion for th Is
discrepancy between the DCS Inc Idence on ear I Ier
dives and the DCS Incidence since 1968 Is that the
earlier divers did more diving and became
acclimatized so the DCS Incidence was lem. After
1968 the nunber of deep hellun-<>xygen dives done
by the USN was less and the divers probably were
not acclimatized.

He I Iun-Oxygen SC1BA Tab Ies

With the advent of the M< V I san I-c losed sa.J3A
diving apparatus a new set of decompression tables
was needed. In 1959 the no-decompress Ion curve
for hel Iun-<>xygen was determined (14) and 6 years
later Workman calculated a set of decompression
tab Ies wh Ich a I Iemed for repet I t I ve d Iv I ng (21).
AI I of these were warm water dives (91 oF) and the
series was the only reported dive series to use a
mod I fled Snyder Score (Tab I e 4) to eva I uate
adequacy of decompression sickness.

He I Iun-Oxygen saturat ion Dec::cn1Jress Ion

These decompression procedures were Initially
tested In the 1965-1970 time period. Testing
Included saturation decompression schedule
develo~nt (28). repetitive excursion diving,
(23. 25. 26. 27) and deep bounce dive schedules to
be used In the event of an energency (24. 30).

The deep bounce dives were done with submerged
divers exercising at depth In 68-900 F water. The
saturation decompression and repetitive excursion
dives were al I dry chamber dives.

RECENT STUll ES

These are a I I stud I es wh I ch the author was
personally Involved with since 1974. This was
also the time at which NEDU moved to Its current
Iocat Ion I n Panama City. Fl. The new NEDU
chambers. knemn as the OCean Simulation Facl Iity.
Included a 15' by 45' wetpot which allemed up to
10 divers to be In the water simultaneously. This
capab I I I ty not on Iy expanded the nunber of man
dives which could be done In a given time but
Inf Iuenced the way bounce dive va I Idat Ion ser Ies
were done.

lklllmited Duration saturation Excursion Dives

These were a follem on to the ear Iler saturat Ion
excuslon dives (23. 25) and sought to define
upward as well as downward excursions (31).
Usually. there were 6 divers on each saturation
dive dur Ing wh Ich mul t Iple excursions were done.
Saturation was assuned to be complete within 40
hour s • so th I s was the usua I per lod between
excurs Ions. The set of ul=1Nard excurs Ion I 1m Its
originally approved (31) had to be revised because
of DCS occurring after the 180 FSW upward
excursion from 1000 FSW during same operational
dives. Th I s excurs Ion d Istance was decreased to
165 FSW and later to 150 FSW where no DCS has
occurred s I nee (32). Exact Iy what f law I n the
original stud~ resulted In apparently unsafe
tab Ies be Ing pub I I shed I s unknemn . One factor
may be that the mu I tip Ie excurs Ions on the
validation dives caused subjects to become
acclimatised resulting In an Increased tolerance
to DCS provok I ng excurs Ions. Idea I IY one woo Id
have liked to test only a single excursion per
dive. using completely fresh subjects for each
excursion but the realities of economics. time.
and subject avallabi Iity made this impossible.
Another factor may have been that 40 hours was not
enough time to resaturate. Later dives at NEDU
which gave rise to DCS had divers at the Initial
storage depth 4 to 5 days before doing the upward
excursion. Since 1978. both the upward excursion
limits and decompression procedures have been re­
eva Iuated on every satura t Ion dive done at NEDU
with further revisions being made based on
exper Ience . . Th I s w I I I most I Ike Iy be an ongo I ng
process.

Dec::cn1Jress ion A Igar i ttm Dave IQI:I11ef'lt

The M<-15 closed c Ircu I t LBA prompted a ser Ies of
va I Idat Ion dives to deve lop decompress ion tab Ies
for a constant O. 7 ATA oxygen par t Ia I pressure
breath I ng gas us I ng either nitrogen or he I Iun as
the Inert gas. (33. 34. 35, 36). All dives were
done with wet divers exercising at depth and
resting during decompression as In almost al I
ear I Ier NEDU stud i es. The water was kept co Id
enough (depending on total dive time) so that
divers were al I thoroughly chi I led at the
completion of the dive. The Nltrogen-oxygen dives
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were mUltiple level and repetitive dives with
divers exercising during the surface Interval,
this being assumed to maximise decompression
stress. In a later dive series switches were made
between breath Ing a Ir and a constant 0.7 ATA P02
breathing gas during multiple level dives.

The fundamental difference between these dive
ser Ies and ear I Ier dive ser Ies was that a I I
decompressions were computed In real-time. A
decanpress Ion a Igor Ithm was first deve Ioped and
programmed Into a canputer which then constantly
mon I tored chamber depth and updated the
decanpresslon schedule based on the exact depth­
time profile. This meant that all schedules were
exact, no Interpolations had to be done for delays
In ascent or descent. AIso, as exper Ience was
gained, the" canputer algor Ithm was changed, not
Ind Iv Idua I tab Ies. On Iy after test Ing was
canplete was the final canputer algorithm used to
canpute a canp Iete set of decanpress Ion tab Ies .
Thus, not only could all tables be canputed from
the same mode I, but the a Igor Ithm cou Id be
programmed Into a microprocessor for rea I t lme
canputatlon.

Having a wet chamber which allONed 10 divers to
dive simultaneously greatly Increased the number
of man-dives which could be done In a given time.
Th Is was espec Ia I IY usefu I dur Ing the N2-02 and
N2-02/Alr dive series where some of the multiple
level and repetitive dive profiles lasted up to 6
hours, a I ION Ing on Iy a sing Ie prof I Ie per day.
Dur Ing the he I Ium-oxygen dives on Iy bounce dives
were done and Initially divers were diving 3 to 4
times a week. This al lowed accumulation of a
considerable number of man dives but the Initial
set of tables proved unsafe using fresh divers.
It was soon realised that this diving frequency
acclimatised the divers (35, 37), and the
resulting tables were unsafe for unaccllmatlsed
divers. A smaller foIION-UP dive series was done
using unaccllmatlsed divers having at least 60
hours off between dives and, based on 3 schedules,
the canputer algorithm was readjusted to lengthen
a I I schedu Ies (35). Open sea dives to 300 FSW
have been done on these tab Ies without Inc Ident
but to date the nunber of operational dives have
been too sma I I to estab I Ish a mean I ng fu I
operational DeS Incidence.

60 FSW Air saturation Dives

These dry chamber dives were Init Ia I IY done to
evaluate the safety of using the USN Hel lum~xygen
decanpresslon rates after saturation on air at 60
FSW. Th Is proved unsafe so neN schedu Ies were
developed and tested (38) using the computer
algorithm developed during the nltrogen-oxygen
dive ser Ies above. One of the eventua I sp Inoffs
fran this dive series was the pub I Icat Ion of a neN
Treatment Table 7 (39) which allONS an unlimited
treatment time at 60 FSW.

aRRENT (XJ'IS IOERAT ICl'IS IN TABLE VAL IDAT ICl'I

In the most recent decanpresslon validation dives
done at NEDU (33, 34, 35, 36) the exper Imenta I
design has Incorporated much of the exper lence
gained during earlier trials. However, the

realities of time, money, and subject aval labl Iity
(resources), must also be taKen Into account and
the Influences these two considerations Impose are
ment loned be low. Each Item In f Iuenc Ing the
experimental design wi I I be discussed
Individually, with relevant past exper lence or
references cited.

Decanpress Ion SChedu Ie ca Icu Iat Ion: In genera I
one wi I I have either a set of precanputed tables
In hand or a canputer wi I I monitor diver depth and
canpute schedules In real time. In the last three
sets of bounce dive validation series done at NEDU
(33, 34, 35, 36) all schedules were canputed In

"rea I time. Th Is method of fers many advantages
over using precanputed tables, especially when
descents are delayed for ear squeezes or equipment
problems. Every dive Is valid as long as the
diver was breath Ing the appropr Iate gas at a I I
times. Only In the case of very long, slow
saturation decanpresslons have precanputed tables
been used In recent studies.

Schedule Modification: While not absolutely
necessary for table validation a systematic method
of decanpress Ion schedu Ie mod If Icat Ion Increases
the eff Iclency of a dive ser les. In the latest
NEDU studies, the dive series were actually a
combination of development and validation. Before
start Ing "the ser Ies, a method of a Igor Ithm
modification was In hand. ThUS, as experience was
gained, unsafe schedules could be changed to
decrease the Inc Idence of DCS and schedu Ies wh Ich
gave no DCS wh Ich may have been too conservat Ive
could be shortened. Since It was the computer
algorithm which was modified, al I previously
tested schedules would also change so a method of
determ In Ing If retest Ing of these schedu Ies was
a Iso needed, as descr Ibed be ION.

Depth/Time Domain: Tables have to be tested over
the depth/time domain In which they are to be
used. In the most recent of the NEDU dive series
no-decompression limits were tested (where
necessary) In 20 FSW Increments down to the
maximum operational depth. Then the maximum
bottom time dives at these depths and one
Intermed Iate time were tested. Th Is resu Ited In
test Ing 44 schedu Ies from 60 to 300 FSW In
development of the constant 0.7 ATA R02 In Helium
Tab Ies and 26 bounce dives dur Ing the AIr-N202
Decompression Tables. Repetitive dives were
selected at three depths and up to three surface
Intervals. This resulted In 10 repetitive dive
schedu Ies . No firm po I Icy has yet been deve loped
for repetitive dive testing and the number of
posslbe canblnatlons Is enormous. At present,
JUdgenent and exper Ience are used to construct
repetitive dive schedules which are felt to be the
most stressfu I.

SChedu Ie Retest Ing : A good dea I of re I Iance Is
placed on previous dives to avoid retesting
schedules unnecessarily. These dives must be wei I
documented, we I I contro I led, and done under what
would be considered sufficiently stressful
conditions. For Instance, In evaluating the Alr­
N202 AIgor Ithm (36) no-decanpress Ion I ImIts were
only tested where they exceeded current limits
because there Is a mass of literature to say the
current USN limits are quite safe (1, 11, 36).
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When comparing decompression dives the problem of
schedule retesting becomes more canpllcated. In
the author's exper Ience Itis the Tota I
Decompression Time (TDT) which Is the most
significant variable, provided the stop depth
d Istr Ibut Ion does not vary too mUCh. In an
earlier dive series (33) little difference was
found In OCS Inc Idence between dives wh Ich had a
deeper first stop compared to those with a
shallower first stop. So, when the decompression
model was modified, schedules which showed no
decrease In TDT as long as the first stop depths
did not vary by more than 10 FSW (occasionally 20
FSW) were not retested. In compar Ing new Iy
deve Ioped tab Ies with prev Ious IY pub I Ished ones
the same cr Iter Ia was used. The safety of
pub I Ished tab Ies cannot a Iways be taken for
granted as was seen In the recent Alr-N202 series
(36) where same air schedules had to have TDT more
than doubled compared to current USN Standard Air
SChedu Ies to avo IdOCS. Thus, when one chooses
prevlosuly published schedules for canparlson, one
must ensure that the exact cond It Ions of test Ing
are known. This Includes water temperature,
exercise rate, breathing gas, physical
character Ist Ics of sub jects, the exact prof I Ies
tested and fu II doclJTlentat Ion of --aT! suspected
symptoms of OCS. With regard to the latter, the
divers should al I have been examined first hand by
trained diving medical personnel, second hand
Information Is not acceptable especially In
evaluating subtle or questionable symptoms.

Nunber of Tr lals: In doing manned dive tr lals,
attaining any level of statistical significance on
anyone profl Ie Is unrealistic. Assuming DCS
occurs randanly (40), the blnanlal distribution
would predict a OCS rate between 0.03% and 5.45%
at the 95% confidence level for 1 case of OCS In
100 man-dives. When doing validation dives a
NEDU, a minimum of 30 man dives Is usually planned
for each schedule. If only 1 mild case of Type I
OCS occurs then test Ing on that schedu Iestops.·
If more than 1 case of OCS occurs the schedule Is
usually modified. Also If the single case of OCS
Is a Type I I symptom , espec Ia I IY Ifit Is
ser Ious, cons Iderat Ion Is given to schedu Ie
modification. No absolute rules can be given
because of Individual variation. In one dive
series (35), 2 subjects accounted for 21% of al I
symptoms and one subject suffered Type I symptoms
on every dive. Clear Iy, OCS occurr Ing In these
Ind Ivlduals was cons Idered different Iy (but not
discounted) from that occurring In other
Individuals In deciding whether a particular
schedule was unacceptable.

It Is realised that 30 dives with only 1 case of
DCS on a particular schedule does not establ Ish a
statistically significant DCS Incidence. Only on
completion of the study can this be estimated by
looking at the results of al I the schedules which
were tested. In the end Itis usua I IY necessary
to restrict analysis to a particular depth/time
dana In and look at the Incldence of OCS wi th In
that danaln. A OCS Incidence of 0% within that
domain would be Ideal but Is usually not
atta Inab Ie In a reasonab Ie mmber of dives. In
practice, If the overa I I expected Incidence at the
95% confidence level Is less than 4% as a result
of a validation dive series the decompression
tab Ies are reccmnended for Fleet use (w Ith In a

spec Ifled depth/t lme dana In) prov Iding that the
OCS Inc Idence was un Iform Iy d Istr Ibuted over the
proposed depth/time domain. If, however, the
overa I I expected Inc Idence Is lower than 4% but
most of the DCS occurred during a particular type
of diving, say repetitive dives, then additional
testing would be required before a recommendation
for approval of the repetitive dive procedure was
given.

The above criteria Is based on a single model
being used to compute al I tables. The assumption
Is that the risk of OCS will be fal r Iy un Iform
throughout the depth/time danaln to Which diving
wll I be restricted based on testing and that the
overal I DeS Incidence during testing gives an
upper limit to the overal I risk of using the
model.

Rea I Ist Ica I IY, recommendat Ion for Fleet use must
be' sought when It has been estab I Ished that the
OCS Inc Idence wI I I not be excess Ive and that If
DCS does occur It can be easi Iy treated.
Resources are usually not available to do the
thousands of va I Idat Ion dives to estab I Ish a
statistically significant OCS Incidence for each
and every published schedule. It Is accepted that
only during operational use wI I I the true DCS
Incidence be established and If unacceptable then
the procedure must be modified. Table validation
In reality Is an ongoing process. In the USN, the
Navy Safety centre In Norfolk receives the results
of a I I dives so the actua I OCS Inc Idence can be
monitored retrospectively.

Subject Selection: In NEDU studies SUbjects are
randomly selected from the USN diving POPUlation.
Wh I Ie no spec If Ic phys Ica I se Iect Ion cr Iter Ia Is
used, one can assume that al I of the subjects are
In good physical condition. Subject age In recent

NEDU studies (33, 34, 35, 36, 38) ranged from 20
to 38 years and experience ranged from those who
dive a Imost constant Iyin the Ir norma I time of
duty to Officers whose diving Intensity may have
been as low as 1 dive monthly.

Diving Intensity: Based on the constant 0.7 ATA
AD2 In Helium stUdies (35) a 48-60 hour Interval
between success Ive dives for a given Ind Iv Idua I
should be used to minimise accllmatlsation.
However, even with this diving Intensity, at least
two or three of the resultant decompression tables
should be tested on a set of fresh divers who have
had no pressure exposures within the past week to
ensure that they are In fact safe for acclimatised
divers.

Env Ironmenta I COnd It Ions: AI I dives shou Id be
done with divers exerc Ising at depth and rest Ing
dur Ing decompress Ion these cond It Ions have been
well dOClJTlented as maximising decompression stress
(3 , 47). The exerc Ise rate shou Id be the upper
limit of what a diver would realistically do
operat Iona I Iy. In the recent NEDU stud t es an
a Iternat Ing work/rest cyc Ie was used' with divers
attaining an oxygen consumption of 1.6-1.8 I/mln
for one half of the bottom time.

The effects of Immersion and water temperature are
more controversial. Evaluation of the DeS
Incidence of some North Sea Diving firms
established a I Ink between cold water and
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Increased Incidence of DCS (41) but a more recent
study suggested that warm divers wearing hot water
suits were at more risk (47). If one believes gas
uptake and elimination Increase In warm divers and
decrease In cold ones, one would have divers warm
at depth and cold during decompression to maximise
decompression stress. Since the no-decompression
I 1m It depends a Imost so Iely on gas uptake, then
one wou Id expect a higher DCS Inc Idence In warm
than In co Id divers for no-decompress Ion dives.
During one NEDU dive series (35) no difference was
found In the DCS Incidence for wet suited divers
In warm (71 0 F) versus cold (45-550 F) dives. This
was based on 1 DCS In 57 man dives at 71 0 F and 2
DCS In 66 man dives In cold water. Whl Ie
controvers Ia I, the author's op In Ion Is that
chi I led divers have a higher risk of DCS than warm
divers and that this condition should be used
during testing of tables, untl I the evidence
clearly demonstrates otherwise.

The eVidence on Inmerslon Is also controversial.
Operationally, Inmerslon and cold stress generally
go hand In hand so separating the effects of these
two var Iab Ies Is d Iff Icu It. Van Der Aue saw no
d If ference In DCS Inc Idence between wet and dry
dives (3). The problem Is that these were surface
decompression dives with most of the decompression
being done In a dry chamber. RUbenstein (22)
c Ited a persona I cannun Icat Ion he had rece Ived
which stated that dry dives were as stressful as
wet dives If exerc Ise was done at depth. In a
recent NEDU dive series (36), two dry tenders,
experienced DCS on dives were no DCS occurred In
the cold wet divers. This would Imply that being
warm and dry does not necessarily confer one with
an overwhelming advantage as far as DCS Incidence
goes.

The evidence suggests that whl Ie Inmerslon may not
be worst case It certa In Iy Is not advantageous.
Until It can be firmly established that dry
chamber dives are more stressful than wet diving,
validation dives should be done wet to simulate
operational conditions as closely as poSSible.

Breath Ing Gas: As a genera I ru Ie decompress Ion
tables should be tested using the same Inert gas
and P02 In the breathing gas as wi I I be used
operationally. If a particular procedure Is
des Igned to hand Ie var lous P02 Ieve Is, then the
procedure must be verified over the P02 range to
be used. Th Is was done by NEDU In eva Iuat Ing a
computer algorithm's abl I Ity to compute real time
decompression schedules when switching between
various P02 levels suppl led by air and a constant
0.7 ATA P02 In N2 (36). One must be careful,
hONever, not to use a mode I to va I Idate Itse If.
As an examp Ie. us Ing var tous P02 Ieve Is to
simulate theoretical Inert gas uptake at depth
deeper than the actual depths cannot take the
place of dives to the actual depth unless the
Investigator can show that It Is a reasonable
simulation.

Tab Ie Adequacy Cr Iter Ia: The most cammon methods
of evaluating decompression table adequacy Is the
clinical incidence of DCS. This has been used In
most NEDU studies were al I signs and symptoms have
been analysed first hand by a Diving Medical
Of f Icer . Tab Ies wh Ich produce no symptoms.
however, are troublesome because there Is no

agreed upon way to compare their decompression
stress with other asymptomatic tables.

The Modified Snyder SCore previously discussed
(15, 17, 21) prov Ided grad Ings for ml n Ima I
symptoms but gives all symptoms equal weight and
assumes a certain helrarchy of symptom
ser Iousness . Decompress Ion tab Ies with scores 5
or greater (Table 4) would be clearly Inadequate
While those In grade 1-4 would stili require a
considerable amount of judgement In deciding
relative decompression stress. Altitude
provocation as discussed earlier (18, 20) was an
attempt to rank asymptomatic decompression
schedu Ies by eva Iuat Ing the response to the
additional stress of reduced ambient pressure
(Table 3). Although this may seem attractive
theoretically there are two major drawbacks. One
Is th~ necessity of having and manning an altitude
chamber at the dive site. The other Is the risk
of taking an Individual who may only be at risk
for pain only DCS at 1 ATA and exposing him to the
poss Ib I I Ity of deve lop Ing much more ser lous
symptoms at altitude.

certainly the most discussed method of evaluating
decompression tables has been the Ultrasonic Blood
Bubble Monitor (or Doppler). During the most
recent NEDU dive series (34, 35, 36), Doppler
monitoring was done after al I dives using the K~

score according to the method used by DCIBM (43).
Monitoring was done 5-35 min post dive, 60-90 min
post dive and thereafter as Indicated. Well over
3000 measurements have been done but were not used
to make decisions regarding table adequacy or the
necess Ity for treatment but were on Iy Icoked at
retrospectively to see If the measurements
correlated with clinical observations and DCS
Incidence. The results have been disappointing.
In one series of He02 dives (35), a series of sub

'no-decompression dives decreased the DCS Incidence
on a 120 FSW/40 min schedule from 5 cases In 11
man dives to 3 cases In 31 man dives with no
change In overal I Doppler SCore (37). Analysis of
this data continues.

One might adopt the attitude that only
decompression schedules which result In no
detectable bubbles shOUld be considered adequate.
First of a I I there Is no ev Idence that the
detect i on of venous bubb Ies In otherw Ise
asymptomatic Individuals Is harmfUl, and In fact
the author has seen DCS In IndiViduals with no
detectab Ie venous bUbb Ies. Second. In the
author's experience some Individuals are more
prone to develop Intravenous bubbles than others,
and decompress Ing these Ind Iv Idua Is without
caus Ing bubb Ies may resu Itin except Iona I IY long
decompression schedUles.

The next opt Ion Is to not accept decompress Ion
tab Ies wh Ich give rise to bubb Ie scores above a
certain minimum In a certain percentage of
SUbjects. The author's opinion Is that this will
also give rise to a certain number of symptoms of
decompression sickness Which wi I I provide as good
an analysis of table adequacy as the Bubble SCore.

Untl I a method for using the Doppler Is developed
which has a high correlation with the Incidence of
s~ptoms of DCS It wll I not replace the bends/no­
bends criteria currently used. Published articles



Scanned for the Undersea and Hyperbaric Medical Society by 
the Rubicon Foundation (http://rubicon-foundation.org/) with support 
from the Divers Alert Network in memory of Dr. Ed Thalmann.

lHALMANN: USN experience in decompression table validation. Page 41.

to date have not denonstrated such a correlat Ion
(44. 45). careful clinical observation Is the
best method of evaluating decompression table
adequacy as long as all symptans. no matter hON
minor or trivial. are recorded and evaluated first
hand by trained and experienced medical personnel.
M I nor symptoms such as fat I gue or trans lent
n I gg Ies must be cons I dered as they probab I y
Indicate a higher level of decanpresslon stress
than canpletely asymptomatic tables as pointed out
by Molumphy (7). These minor symptans are useful
In deciding If the single overt case of DCS In 20
or 30 man dives was a randan occurrence or the
resu I t of a marg I na I I Y Inadequate schedu Ie.
Absolutely no minor symptans (rash or fatigue) In
any of the other subjects wou I d suggest the
former, whl Ie a degree of niggles and fatigue
would suggest the latter.

In sunnary. clinical evaluation of all post dive
symptans, no matter ho.Y mI nor. Is probab I y the
best method of evaluating decompression table
adequacy. More exper Ience us I ng the Dopp Ier to
eva Iuate Intravenous bubb Ies I s needed before It
can replace clinical observation.

Validating decanpresslon tables or procedures
remains a matter of SUbjective and objective
Interpretation of the results of manned dive
ser Ies . Tab Ies must be tested under cond I t Ions
which closely mimic actual operational conditions
and worst case comb I nat Ions of env I ronmenta I
var Iab Ies shou I d be used where knONn. When dive
data from other workers Is used to validate a
decanpress Ion mode I I t must be ver I fled that a I I
aspects of the conditions and methodology used to
perform the dives Is know. Investigators are
required to produce results which denonstrate that
there wou I d be no undue hazard I n us I ng the
recently validated tables operationally and the
users must realise that heightened precautions to
deal with the possible occurrence of DeS Is
required untl I a substantial amount of operational
experience has been accumulated on new tables.

Ongoing evaluation of decompression procedures
must cent I nue and methods shou Id be at hand to
systematically modify field procedures to Increase
safety I f needed. Ineva luat I ng decanpress Ion
table adequacy. al I signs and symptoms of DCS
should be seen and documented by trained.
experienced personnel. At present, the use of the
Dopp ler mon I tor to eva Iuate decompress Ion stress
shou I d st I I I be cons I dered exper Imenta I and
probably provides no more Information than the
evaluation of clinical signs and symptans.
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ADDITIONAL COMMENTS BY CAPT
THALMANN

As usual with these talks I have to throw in
the familiar disclaimer that all that I have to say
is my own personal view. Let me stress a few
points. First, the Navy has no specific policy in
validating tables. It is generally up to the indivi­
duals who have been tasked to do the study.

In the He02 part of the 0.7 P02 algorithm
development, we ran into the "work-up" phenome­
non again. After doing 1200 man dives we
thought we had a set of tables, which we actually
had all nicely packaged ready to send up to Wash­
ington. We did some dives to just kind of recheck
them on a profile which had had no hits in 40
man dives, which I think most people would have
considered a safe schedule. And we bent 7 people
out of 19. This obviously caused us to do a lot of
backpedalling; we managed to reduce that bends
incidence to 3 in 31 by doing a bit of a work-up
procedure. This established in our mind that what
we had done inadvertently was worked our divers
up.

About susceptibility, we generally will not take
somebody into a study that has a long history of
getting bent. I mean, if you are doing an experi­
mental schedule evaluation the object is to make
tables safe for most divers, and you may wonder,
why not?

Our experience is that these individuals may
be at a much higher risk for permanent damage
than other individuals. In the course of doing a
dive series, it may become evident that certain
individuals are getting bent more than others. By
and large they will quit, which solves everybody's
problem. If they do not, we generally have a talk
with them and get them out of the study.

Why do we do that? Because if you have
done 100 man dives and you have had 5 hits and
they are all on the same subject, then you con­
clude that this individual is susceptible. This has
happened on every dive series we have done, and
we just have to live with it. There appears to be
no way to detect these subjects in advance.

Then you might say, "Well, what happens
when this guy goes out and dives these tables
operationally?"

Well, that is another problem. I personally
have counseled a couple of divers and advised
them that maybe they should consider another
profession, simply because their incidence of bends
is significantly higher than the population they are
diving with and the tables are not necessarily
meant for them.

And it is also our opinion, based on a few
cases, that these individuals may have a higher
probability of suffering permanent injury if they do
get bent in the future.

I have to say also that when the Navy devel­
ops a set of tables, they develop it for Navy use.
That may be pretty hardnosed to say, but that is
what it is all about. In that development, they are
very much influenced by the Navy system which
includes diving medical officers. It includes cham­
bers. It includes evacuation systems, etc. There­
fore, in assessing the need for further table tests
you are looking into that whole system to decide
whether or not you are developing a set of tables
that is going to hurt somebody, and whether or
not the system can take care of it. Generally, the
system is not too upset by Type 1 decompression
sickness. It is very upset by Type 2. So, the raw
bends incidence kind of gets muddled. And then
you have to decide what raw bends incidence you
are willing to accept before recommending tables
for operational use. There is only so much time
and effort which can be put into table testing. If
you look at Tables 1 and 2, or even better the
original reports, you will probably see that most of
the tables have been recommended after between
800 and 1200 man dives. The bends incidence was
running about 3 to 4% even after we had restric­
ted depth time limits of the table. Within a rea­
sonable amount .of time and effort, there was just
no way to get it any lower than that. Based on
that, we had to decide whether it was reasonable
to recommend the tables for fleet use or not.

But, the tables are followed up. When they
are initially put out to the Fleet, there is a height­
ened awareness, and we do go back and look to
see if there are any problems. We are working on
the naive assumption that the more they are used,
the lower the bends incidence gets. If we see that
the more they are used, the higher the bends in­
cidence gets, we will go back and have another
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look at them--like we did with the unlimited
excursion tables.

So, the validation does not stop at the labor­
atory. The only thing that we hope to accomplish
in the lab, if you will, or in the chamber dives, is
to establish that the tables are safe enough to go
out to the Fleet and that we are not going to get
a lot of Type 2 bends. At that point it is time to
put them out to the Fleet so we can rack up the
10 or 15,000 man dives that we really need in
order to decide if we have hit it or not.
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An overall incidence of less than 0.5%
is achievable operationally and must be
the minimum target. A procedure of
higher incidence than this would be
inferior to most currently used decom­
pression procedures and carry an in­
creased exposure to litigation, making
it of no interest.

This is because the classification "Type
2" is used to cover such a wide range of
symptoms that it is often inappropriate.
While some of the symptoms used to
categorise Type 2 DCS are life threaten­
ing with a high potential for residua
(serious), other symptoms are far less
serious with little risk of residua. In
this respect it is desirable to use
another method of DCS classification in
order that the validation of a decom­
pression schedule is more closely
related to the seriousness of any DeS
involved.

~£!~~~_Qf_Q~~Q~£!~~~iQ~_~i~~~~~~
While an overall target of less than
0.5% may sound reasonable, it is of
equal importance to evaluate the spread
of those incidents over the depth and
time range of the schedules. For
example, with some air diving schedules,
reliability at depths less than 100 feet
is considerably better than in excess of
100 feet. Performance also deteriorates
as the bottom time increases and it is
possible to identify certain depth/time
schedules as high risk. These areas of
marginal performance must be evaluated
to bring the DCS incidence within a
reasonable target.

Il£~_Qf_Q~~Q~£!~~~i~~_~i~~~~~~
The overall target of less than 0.5% is
of little consequence if the DCS invol­
ved results in a majority of serious
manifestations. Pain only and other
minor symptoms give rise for less
concern and can be treated successfully
and simply if reported early. Serious
manifestations involving the central
nervous system have a higher potential
for res i dua and long term decrement in
eNS performance. Serious DeS must be at
the absolute minimum incidence and where
practical avoided at all costs.

You will note that I have refrained from
using the Des classification Type 1 and
Type 2 when mentioning pain only and
serious DeS respectively.

usedcurrentlyofwith experience
procedures.

In order to establish this ,reliability
it is necessary to have a generally
accepted list of criteria on which this
validation can be based, the absence of
which creates the dilemma.

The ever developing litigious climate
within the diving industry has contrib­
uted to the need for more reliable
schedules in addition to the obvious
grounds of efficiency and ethical
considerations. At the same time this
litigious climate has had an adverse
effect on the introduction of new
operational schedules until their
reliability can be established beyond
doubt. The earl ier approach. of IIbend
them and treat them ll is no longer
available.

Validation Criteria
The-followlng-crlteria form a basis for
consideration:-

After 35 years practical involvement in
the diving industry, formerly with the
military and latterly commercially, it
is remarkable that any dilemma should
ex i s tin my min d as tot hepa ram e t e r s
which should be applied to the val­
idation of new decompression schedules.

Having experienced at first hand the
efforts of our scientific community to
produce new schedu 1es, often from new
and revolutionary models, by partic­
ipating as a test subject in field
trials, after simulated dives in labor­
atory conditions, it can be fairly said
that laboratory proving does not auto­
matically ensure acceptable operational
performance. On the other hand without
laboratory testing in those earlier
days, the lIexperiencell during field
testing would have been infinitely more
painful. With the development of
computer technology however, the poten­
tial is there to evaluate schedules to
such a degree as to substantially reduce
the importance of the laboratory test
and produce viable procedures which
should require only fine tuning when
exposed to the operational environment.

1~~i£~~~~ ~t__~~S~~~I~~~J~~ ~i~~~~~~
Various incidence or probability of
decompression sickness have been quoted,
sometimes as high as 5%. For commercial
operational purposes 5 bends in every
100 dives is totally unacceptable. Even
one bend in every 100 dives (1%) must be
regarded as poor performance compared

Introduction------------
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What~ if any~ is the overall
effect on the work i ng effi c i ency
of the diving procedures?
Moderate extensions to the total
decompression times are less
critical than reductions in
effective working time of a dive.

Increases in available working
time are welcomed by the Client
but if available bottom time is to
be reduced there must be strong
underlying safety reasons to
support the reduction in product­
ivity.

Those conflicts generally preclude
the introduction of new procedures
into the U.S. offshore environment
until extensive experience has
been gained in other less volatile
geographical regions. This can be
to the detriment of the safety of
the U.S. diver~ particularly when
a new procedure is obviously more
conservative or safer than exist­
ing currently used procedures.

The trend for even minor incidents
to result in a lawsuit is spread­
ing steadily to most regions of
the world. This trend is having
an inhibiting effect on the intro­
duction of new procedures unti 1 a
high degree of confidence exists
that performance wi 11 not deter­
iorate significantly in the field.

5 :

operational and not experimental.
This poses a question as to how
many dives must be made before a
procedure can be classified oper­
ational.

In order to assess the reliability of
one procedure against another~ a
comparison of the profile is made
between existing procedures where the
performance is well recorded~ and the

I~!rQ£~£!lQ~ Qi ~~~ Q~£Q~£r~~~lQ~
Procedures
WTth-safety as one of the prime operat­
ing criteria within Oceaneering~ there
has been a continuous effort by the
Safety Department to improve decom­
pression procedures and thereby reduce
the incidence of decompression sick­
ness. The improvement is reflected in
a decrease in incidence of DCS from
0.421% in Fiscal Year 1983 to a rate of
0.146% in Fi·scal Year 1986 and year to
date 1987 for all modes of diving.

Air diving has improved from 0.4% in
1983 to below 0.15% for the last two
years as a result of replacing U.S.
Navy dive procedures as printed~ with
extensive modifications and in some
cases additional procedures for special
operational conditions.

Factors such as these have a major
influence on the success or other­
wise of dives which~ when simulated
in a laboratory may have been
trouble free yet develop problems
when used operationally.

Necessity to have a background of
credibility in order that if a
lawsuit does arise~ which can be
related to a decompression pro­
cedure~ it can clearly be estab­
lished that the procedure is based
on sound principles and is a
reliable alternative to other
procedures available. It may also
be necessary to prove that suff­
icient experience exists with the
procedure to establish that it is

Examples of these variables .are:­

Work load variations
Ambient sea temperatures
Heated and unheated divers
Maintenance of temperature
during decompression
Frequency of diving
Overall working environment

4 :

3 :

fr~£!l£~l_Yl~~lll!l
While decompression procedures can be
designed to operate effectively in the
1aboratory envi ronment it does not
necessarily follow that they will be
effective operationally.

It is important that to be considered
viable for sayan offshore operation the
following factors must be considered:-

1: Training and experience of the
diving supervisors and divers who
wi 11 use the procedure. Wi th
bounce diving techniques partic­
ularly it is essential that the
decompression profile is simple to
follow and that any gas switches
are practically possible. Complex
procedures of gas changing and
short decompression stops can put a
diving supervisor under extreme
pressure and lead to errors of
procedure.

2: Limitations imposed by requirement
to switch gas during decompression.
While gas changes may be desirable
to assist in inert gas elimination~

the logistics and effect on deck
loading of the various gas mixtures
required at the site must be
considered. Availability of
pre-mixed gas in remote areas is
al'so problematic and may necess­
itate on-site gas mixing.

The wide variation in operational
conditions under which the pro­
cedure must be used.



Scanned for the Undersea and Hyperbaric Medical Society by 
the Rubicon Foundation (http://rubicon-foundation.org/) with support 
from the Divers Alert Network in memory of Dr. Ed Thalmann.

HOLLAND: Operational approach to schedule validation. Page 47.

II new" procedure. Altho~gh not very
scientific, this can glve some in­
dication in the absence of a more finite
method of assessment.

If a procedure is considered to be an
improvement on an existing one, or have
desirable features for a particular
application then it is introduced on
select operations and its performance
monitored on a dive-by-dive basis. As
the performance is establ ished and
confidence grows, other operations are
included on a progressive basis until it
becomes a regular company procedure.

During such evaluations, it is important
that recording is precise and accurate.
To this end it would be desirable to use
depth/time profile recorders as the
fallibility of the hand-written dive
record must be recognised. As these
devices are developed and become more
efficient and readily available they
will become an essential element in the
practical validation of operational
decompression procedures.

Any incidence of DCS is investigated in
detail to ensure that procedures have
been followed and that the incident is
not a result of a deviation as is
sometimes the case.

f!~=QE~!~!i~~~l_~~li~~!i~~_=_~!~!~
Although computers do not always produce
a complete answer when used to produce
decompression schedules, this is really
related to the quality of the input
information or the model to which they
must work.

They could provide a very effective tool
for the validating of new procedures in
the future by comparing various elements
of known performance schedules with the
new procedures. For instance, using the
U.S. Navy Air, Modifications to the U.S.
Navy Procedures, Norwegian Underwater
Institute Modifications and say DCIEM
tables as a basis of experience, any
proposed new procedure could be measured
against them by means of a computer
evaluation. Such a system would remove
the more subjective evaluation/­
comparison previously mentioned. Using
the U.S. Navy Procedures as the minimum
standard would ensure a performance
level which has been accepted by many
commercial companies over the years.

By evaluating various critical factors
of a new procedure against these proven
procedures, the degree of confidence
when introduced operationally would be
improved and credibility enhanced. Such
validation could also reduce the number
of laboratory simulations required.

In the U.K. validation parameters for
Air Dive Procedures has taken on even
greater significance recently with the
introduction of QiYi~g_~~f~!l_~~~Q!~~~~
~Q~__Jj)J~j ~__!~2~~I~ ~~~~~~__£Q!
Qfi~.hQ!~_QiYi!!g·

To avoid the very severe 1imitations
imposed by this memoranda it is now
necessary to submit company procedures
for consideration as being safe before
dispensation may be granted to exceed
the defined bottom time limits.

The memoranda was produced as the
result of a survey commissioned by the
U.K. Department of Energy which repor­
ted on the incidence of decompression
sickness related to air diving in the
U.K. Sector of the North Sea. The
report based on 25,000 dives in the
period 1982/1983 indicated an unaccep­
tably high incidence of Type 2 DCS and
also a probabil ity of a further in­
crease when using actively heated hot
water suits on dives with long bottom
times. This has led to some very
innovative thinking by diving companies
to produce procedures which will
convince the diving inspectorate to
grant these dispensations. The review
of the procedures is being made on
records of experience submitted, but
the evaluation could be greatly sim­
plified if a computer could be used in
the manner previously mentioned.

In summary, the offshore diving com­
panies must exercise caution when
introducing new decompression tables
for commerc i a 1 use. I n the absence of
any validation criteria which can be
generally applied, they must measure
and validate new procedures against
their background of experience with the
procedures they currently use. The
origin or source of any new procedure
becomes a criteria on which a degree of
confidence can often be based and
becomes an important element in estab­
lishing its credibility.

Despite the subjective nature of these
methods, our own experience has been
good in improving the overall safety of
our diving operations. In many cases
operational efficiency in terms of
working time at depth has also improv­
ed. It should be noted that the new
procedures are generally modifications
or adaptations of recognised techniques
and procedures, which simplifies any
validation. With totally new concepts
a more detailed procedure of validation
is required prior to any field eval­
uation. Hopefully computerised tech­
niques will be developed to facilitate
this function but in the absence of
such a system the only alternative is
laboratory testing. It is hoped that
this workshop may be able to produce
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some guidance on a formula of numbers of
laboratory dives, before operational
validation should be considered.

The effect of the legal cl imate on the
introduction of new procedures must not
be over emphasised but it has to be
considered. Conversely, the intro­
duction of new safer procedures can have
a positive effect legally by reducing
the number of law suits. While some of
the "experts" used in these suits are
prepared to adapt their evidence to
satisfy their paymasters a risk will
exist whatever procedures are used.

The U. S. Navy Procedures form the bas is
of many of the currently used commercial
diving decompression procedures. It is
of credit that these procedures, al­
though originally designed for military
purposes, have performed so well commer­
cially, but by modification their per­
formance can be further improved. To
this end no constraint to use these
procedures is felt, but they still form
a yardstick by which many new procedures
can be measured.

It is difficult to accurately evaluate
the performance of one commercial
company's decompression procedure
performance against another due to
confidentiality, and in some cases
di fferent reporti ng formats. From the
recent U. K. study however, there are
indications that there may be small
differences in performance, but with air
diving the total DCS rate is relatively
low. With a total of 35 "Type 2"
classification DCS incidents in 25,000
dives this may be a weakness in some
procedures. Some companies have prob­
ably improved their procedures since the
period included in this study (1982/83)
but it is an area worthy of monitoring.

Arbitrary modifications to procedures
are discouraged in the field whatever
the experience of the diving supervisors
and divers. By working to published
procedures and monitoring dive records,
problems can more quickly be recognised
and modifications introduced for the
benefit of all operations.

Modifications to existing procedures
have proven effective in the past but
the introduction of a completely new
format of decompression procedures would
be considered. Work is presently being
carried out which aims at a new concept
of multiple depth exposures and this
development will be monitored closely.

During offshore evaluation every effort
is made to ensure that all personnel are
bri efed in deta i 1 on the use of new
procedures.

Any incident results in the suspension
of the evaluation until such time as
investigations have been made and
conclusions reached.

Genuine efforts to improve the safety
of decompression procedures generally
have the complete co-operation and
support of the divers. The decision
whether to participate in a procedure
evaluation is left entirely to the
individual.

Any guidance or validation standards
which reduce the present speculative
nature of assessment today must be an
asset. The industry has managed very
well to date but there is always room
for progress and improvement.
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ADDITIONAL COMMENTS BY MR. HOLLAND

Let me embellish a couple of points. Many
of you know this--especially in America, and cer­
tainly our lawyer knows it--but we unfortunately
see some cases that are suspect. I am sure many
of them are very justified and have good reason
why the people should go to litigation to get a
settlement. But amongst them, I am afraid, these
days there are an enormous number of suspect
cases. We no longer see the person get over a
simple bout of decompression sickness completely.
He usually comes back afterwards and puts one in
for the judge's bundle that he has become irration­
al at home or gotten grumpy with the wife and it
is the long term effect. He probably is just pre­
paring it for later on when he can get another
event to turn it into an early retirement plan. Ob­
viously, we have to prevent that. This is why we
so badly need criteria for validation.

The next thing is diver heating. I would like
to say a little thing about that because this has
been getting a little bit blown out of proportion
recently. I believe, personally, that diver heating,
does have an effect. We have seen it on opera­
tions where we have used the procedure many,
many years in the particular depth-time range
without diver heating, successfully. We then go to
another area of the North Sea where that par­
ticular country insists you use diver heating for
whatever length of dive. We brief the divers
before they go: "Keep the temperature down.
You are not meant to be down there in a hot
bath, just to keep the cold away." But some of
them like it that way so, up goes the bends rate.

But it may not be just the hot water suit that
is causing it. I believe perhaps that the hot water
suit does increase the gas uptake, as Dunford and
Hayward mentioned in UBR many years ago
(1981; 8:41-49), but I do not think it is that. I
think it is the problem of warmth during the
decompression. If the man is going to be very hot
in the water, we have got to maintain that temper­
ature level throughout the whole "length of the
dive, right through the decompression as well.

In many instances these divers are brought up
to an air dive DDC, and if you look at some air
dive DDC's around the world you see just a can
with a couple of pipes running in and out and
probably a bullhorn. But, really, you have to have

heating in the DDC, so that during his decompres­
sion he is warm.

After we put a heater in the DDC's the bends
rates went down. We had 700-odd very high stress
dives in the 140 foot range. We had 5 bends in
the first 200 dives and we had 1 "suspect" in the
next 700.

Regarding the Diving Safety Memorandum
7/1986, that report, suggesting that the Type 2
DCS was far too high and there was a target of
zero for Type 2 DCS, has a number of important
effects. First of all, the clients scream their heads
off. All of a sudden, they did not have the same
bottom times available to them. Secondly, I think
that with the contractors wishing to get the work
from the clients, they are going to make sure that
they do not have too many Type 2 DCS's. Now,
there are going to be some rather squirrelly shall
we say? "Assessments" of what a bend is. We
know we are going to be in real trouble if they
have to make a differential diagnosis, because you
can bet your tail that they will be saying, "That's
a pain-only bend." The guy will be rolling around
and probably can not see straight, "but he has a
pain, let us call him Type 1." It is a bad situation,
really.

How can the diver's share of the risks be
established? There is no means of establishing
that risk. With the best table you have you sud­
denly come up with a full-blown bend of a serious
nature. You just cannot predict. It is still some­
thing we are in the dark about.

As to whether a uniform standard or con­
sensus on the validation of company-produced
tables could be of value, I think they would. I
think it would be nice to have some standard to
work toward. You may have trouble getting all
the industry to accept it. But it would be helpful,
for instance, if a legal case come up, if a table had
been validated to some particular standard. You
would have a little bit more strength and it would
support that you were not being immoral or what­
ever they want to call it and putting your diver at
undue risk.
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MINI-PRESENTATION: A VIEW FROM A U.S. DIVING COMPANY

Andre Galerne
International Underwater Contractors, Inc.

It is very difficult to follow Dutchy's act. I am not too happy with the U.S. Navy decompression
perfectly agreeable with all his conclusions. I was table. We have done our own tables. I have
surprised to hear that 1% or more was acceptable been working very hard on trimix. Our company
as a test for a decompression table; I guarantee started diving with nitrogen-oxygen-helium in 1964.
that we will not survive in a diving world if we We have been very happy with trimix. In fact, we
were to have this level of accidents constantly. use trimix on dives to 650 feet. And no bends.

It is true that it is very difficult to test new They are painful tables because they demand long,
tables here in America because we are very sensi:- long decompressions, but it can be done.
tive to lawsuits. With the Jones Act it will be very I think it would be good to have better coor-
difficult to go in court to explain to a judge or dination with research. I see this morning, for
jury that we have done all of our homework and example, research done on helium at 120 feet. I
decided on a table that has not been tested. So, am sure this is very interesting to do, but from our
we have to be excessively careful. point of view, we do not use helium at that depth.

Fortunately, directly on the job site, on the We start to use helium much, much deeper. But
professional job site, we practically have no prob- I think you know a practical reason for our point
lem with diving accidents because we have a of view; we will be better if we can coordinate and
recompression chamber on the spot and the peo- the results of research can benefit everybody.
pIe are trained to immediately recompress the I will give a few tips as to how we manage
divers and really treat them. In fact, I do not some of our problems on the job site. At one
know of a case in my organization where we had point, when we started to experiment with new
a case of bends or decompression accident which tables, we had some incidents and we looked for
had not been completely treated on the job site. a solution. We tried to modify how we used the

If you treat a bends and decompression case table, which can influence the table's results.
in five minutes of the first symptoms, you are For example, in reviewing a job done by
practically assured to be clear. The impossibility Behnke in 1931, I saw that he made some mea-
is the diving accident they bring you three, four, surements showing that CO2 was capable of being
five days later or sometimes only a few hours. So, eliminated from the body in less than one minute.
we are not too scared of decompression accidents So we decided that at the end of each dive, we
on the job site because we have the equipment on will relax for one minute. We do not move. We
hand, we have the people who know how to use do nothing. We relax and eliminate CO2• We
it and if we have an accident we take care of it feel that CO2 could be responsible for a decom-
immediately. pression accident by being a very unstable gas

I am speaking mostly about construction producing the first bubble, and leading the decom-
diving. Funny, when you speak about construction pression which later on provided the accident. We
diving, people think you are only working in 5 or tried that one-minute rest and we were happy to
10 feet or maybe 30 feet of water, which is true. see a decline in our problems.
We do a lot of that. We have also had some surprises. For ex-

But we do also a lot of work on things like ample, we discovered when we were diving with a
hydroelectric dams, where we are sometimes 200, diving bell in very cold water, the divers were not
300, or 400 feet deep. And we have to do heavy bent. It was tenders in the bell. The tenders,
construction on the bottom, which is not always although they were not deeper than the divers,
easy. gave us more trouble than the divers.

When I came to this country in 1962 I was Well, we studied the problem and we saw
looking seriously at decompression tables. I was that the diver had his cold water suit and his body

Page 51.
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was not exposed to any helium, therefore, the skin
was not used as a breathing organ. In contrast,
the tender is stuck inside the bell and was taking
in some gas through his body. And now we look
more at the table for the tenders than for the div­
ers. This is a practical thing, you know, which we
have found that by doing our job.

For example, when we do the recompression
technique (sur-d), we do not use the regular
technique. We decompress the man to the surface
after the necessary stops in the water and then we
recompress him to 60 feet with chamber. We then
treat him with oxygen as if there had been decom­
pression sickness. We do not go back at 30 feet
or 40 feet or 20 feet. We go back to 60 feet, sys­
tematically, then treat the guy.

We have found that to be a pretty efficient
way to avoid any trouble with the recompression
technique. We have been very happy with that.

I am happy to see the report of my friend
Dutchy that the government gives them trouble,
because if we do not do that ourselves in a few
years we in the U.S. will be second class citizens
in diving. They do a lot of research and good
work in North Sea which we do not do here in
this country because of lack of funds.

If we do not change that, as I said to my
friend Tony Calio (NOAA Administrator) some
time ago, in less than five years we will go back to
Europe to buy our technology. It is appealing to
see that your (European) regulations cut you down
and pull you back, otherwise we have no chance.
But if they cut your bottom time to 30 minutes,
great. Because, at the end, you know, in the
construction business or in the diving business, we
pay the diver the same price if he works 15 min­
utes, 30 minutes, 75 minutes or 90 minutes. In
research, you know, the bottom time is really the
time that counts. The customer pays for that time.
He does not pay for the time you are in the diving
bell or on the surface decompressing. So, in our
business, regular time at 200 or 250 feet, it is
normally 75 minutes or 90 minutes per diver. We
cannot afford, at the price we pay the men, to
have them working only 15 minutes. It would be
counterproductive.

My last point is the problem of the expense
of insurance, which is suppressing the use of
divers. We are now seeing the use of ROV's,
more or less sophisticated. Before, in each ex-

ploration rig we had a diving team working. Now,
forget the diving team in exploration. It is auto­
matically the ROV's only. The oil companies are
under the control of the lawyer, which means, they
prefer to spend money or lose money, but not
have a lawsuit. So they say, "We do not want to
hear about men under water." And it is absolutely
essential that we find a way to justify, after all,
that when a man is hurt on the job the Workman's
Compensation will take care of it. In the diving
industry--we are the only industry in America like
this--an employee can refuse Workman's Compen­
sation and sue his employer for negligence. And
believe me, it is very difficult to prove there is no
negligence when you do a job. A drop of oil on
the deck of a ship and the ship is not seaworthy
any more. And if the ship is not seaworthy, you
pay. You pay the bill.

We have to find three solutions. Technically
here with you, the doctors, the specialists in diving
medicine, we need table validation criteria to
improve our position. We also have to find a
solution with the law, the Jones Act, or better with
legislation. And we have to find a solution about
using man or not using man.

DISCUSSION AFTER MR. HOLLAND
AND MR. GALERNE

DR. ELLIOTI: One question I have of Dutchy.
The Department of Energy has sent out a call for
tables to be submitted that are safe. Are these
tables kept in confidence by the Department of
Energy?

MR. HOLLAND: Yes, they are kept in con­
fidence. That is rather strange, their coming to
the decision to give dispensation to use tables, but
they do maintain confidence from company to
company. So, if you, in actual fact, were to submit
a number of tables that are not favorable to them,
you could probably get a negative response.
Whereas, if you put in tables which even may have
rather a dubious background but they favor them,
you can get the dispensation. "Validation" would
be helpful because all of us would be assessed
under a fixed standard, not a whim.

As I say, with the greatest respect, the
DCIEM table is accepted. Now, I am sure it is an
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excellent table; I am not trying to discredit the
table. But the fact is we are getting dispensation
to use that immediately without any previous
experience offshore for that particular table. Yet,
this is in preference to other tables that we have
used which we know to be more conservative--viz.
the Norwegian, I think, would be a fair instance,
and the Comex table.

DR. ELLI01T: The closed meeting for the De­
partment of Energy inspectors, the diving industry,
decompression people like Tom Hennessy plus
members of the Diving Medical Advisory Com­
mittee had a good discussion. It was a closed
meeting, but I would endorse what Dutchy has
said.

CHAIRMAN SCHREINER: So, you are signaling
a need for more objective acceptance criteria by
an agency like the Department of Energy, based
on some known criteria, some known requirements.

MR. HOLLAND: I think it just highlights the
very reason we are sitting right here today. It
would be nice for the companies. More impor­
tantly, we have a government agency that has
gotten itself into a position, after having reacted
to some information in a report which could well
be criticized, and now they do not know how to
go to get themselves off the hook.

MR.IMBERT: I would like to make a comment
on commercial diving. The character of diving
activities has changed in the '80's. There are many
reasons why. The first one is that a new field has
been opened in the shallow water depth like in
the Middle East and Far East. Second, the ac­
tivity has changed; 30% of the activity now is
inspection, repair, and maintenance, which is
shallow. And the last one is that the market
depression leads to the low margin contract. It is
a new phenomenon.

We do a lot of diving. We are going to do
more and more of it. And we need tables. We
need long bottom times, especially in the shallow
area, because like for our welding operation,
depending on the size of the pile, we may need
two or three hours at the bottom before we finish
the first and second pass. This table is not yet
available.

Secondly, since it is new, we need to docu­
ment the purposes of our table. DOE has reacted
in a positive way by making people show their
statistics. It looks different from what we have'
seen before, especially from U.S. Navy tables. So,
I think for the subject to be brought to discussion
openly and freely is very positive. Not too much
for the existing tables, which were the basis of the
development of commercial diving. They were
available first, they were available to everybody,
and they were certainly the best available in the
'70's.

Nowadays we are identifying some of their
shortcomings. First is the safety, and even risk
distribution. Secondly, very little is being said
about emergency procedures, repetitive diving and
so on. If the U.S. Navy is not able to provide
new tables, if governments are not able to provide
the tables, it is up to us, the diving. companies, to
find ways of improving and adapting what exists,
and to bring new tables up to the required stan­
dard. I was glad to hear that you have been using
this sort of empirical approach with modification
and adaptation in order to provide efficient tables
appropriate to the need of the commercial work
site.

MR. HOLLAND: I agree with you. I think a
fair indication of that is by trying to get these
extended bottom times through the use of nitrox
[enriched air]. There is a readily available mixer
on the market that you can use to mix gas [oxygen
and air] as you require it. We are extending our
bottom times by using this, particularly in shallow
dives where we want a long time to weld a parti­
cular job. We are extending our bottom times by
using nitrox, reducing the equivalent air depth and
on no-decompression dives getting quite long
bottom times. It has been working very success­
fully.

CAPT THALMANN: First two comments. I
would like to ask our commercial colleagues to
write down on a piece of paper and submit to this
workshop exactly why Navy divers somehow are
different from other divers. The statement is
made that Navy tables do not suit the commercial
companies' needs, which is a bunch of baloney. A
diver goes to depth for a certain period of time
and has to get back to the surface safely.



Scanned for the Undersea and Hyperbaric Medical Society by 
the Rubicon Foundation (http://rubicon-foundation.org/) with support 
from the Divers Alert Network in memory of Dr. Ed Thalmann.

Page 54. Validation of decompression tables

So, when somebody says that Navy tables do
not consider needs, that means to me one of two
things: Either Navy divers are different--which
they are not--or simply that the commercial com­
panies want to dive outside the range of the
tables. Then they think the incidence is too high.

I think they really ought to be specific about
exactly when U.S. Navy tables do not apply to the
operation rather than making a blanket statement
like that, which is pretty much wide open.

My second comment has to do with the way
the commercial companies go about evaluating
tables. It is very nice to say, "We have got 30,000
man dives here and the incidence is 1 bend in
10,000. But that is unacceptable and we would
not accept a table which comes out of a laboratory
which has a bends incidence of 5%."

The problem is that all of the work that is
been done at EDU in the last 10 years is docu­
mented, is available. People have access to it.
The bends incidence are identified. If you go into
the data, you can see who got bent on what dive,
who the repeaters are. There is no such data base
from the commercial companies.

So, if the commercial companies are going to
get up there and continue to say that these proce­
dures are not applicable, then I think it is their
obligation to lay their tables on the table, as it
were, say what they are diving, how they are diving
and what the real bends incidence is.

If you read the Shields report [Ref. 42 of Dr.
Thalmann's talk], the one thing that comes out
which probably points up the way commercial
divers are at all, is that the companies would not
even allow them access to enough data to deter­
mine how many repeat bends there were.

Now, how can you do a sane analysis on
anything unless people are willing to put their data
on the table? It is the military which is spending
the disproportionate amount of money developing
tables. As a specific example, the 0.7 He02 tables
are already being adapted to commercial applica­
tion, without them having put one cent of deve­
lopment into it and, yet, it may very well be that
once the field experience is gained in these things,
that they are unwilling to feed back to the U.S.
Navy and say, "Listen. We have adapted your
tables to this particular application, but we are
not going to tell you what they are." So, it has

not really been a two-way street as far a transmis­
sion of data.

[EDITOR'S NOTE: Dr. Shields made the initial
decision not to know individual divers himself, and
asked that their identities not be given by the
companies. In later work this has been known.]

MR. HOLLAND: Okay. I hear what you are
saying. I hope I have not been understood as
saying that the U.S. Navy divers are any different
from the commercial divers. I do not think they
are for one moment. But we use the tables differ­
ently and probably in different ranges to what you
normally do. Someone mentioned this morning
that the average depth for the air diving in the
U.S. Navy is 40 feet. Ours is about 85, 86 feet.
So, we are using them in different depth ranges
and probably under different circumstances.

I am not saying the divers are any different
because a lot of ours are ex-Navy divers. So, I
mean that was not implied, I hope.

As far as talking about the Shields report,
Shields might have had difficulty with some com­
panies. He had every dive log, the actual dive
logs, from us. And he was able to analyze them
as he wanted. There was no restriction put on
him and we had said we are quite happy for him
to publicize whatever data he takes out of our
logs, provided the other companies will go along
with it.

Unfortunately, when these things are put out,
other people try to use them for commercial gain.
If you wanted to see the dives we do, I mean the
dive-by-dive record, we would only be too glad to
show them to you. So, what we tried to do, I
think, was to modify the U.S. Navy tables in such
a way that coped with the environment in which
we work. I said at the beginning, some of those
things probably could be considered tables of
"boost." We are pushing the tables unmercifully.
When we have two repeats in a short period of
time, sometimes we repeat on O2, I am not trying
to discredit your tables in any way because, as I
say, they are the basis from where we started.
They were just not designed for what we need to
get out of them.

CAPT THALMANN: But it still goes that if you
read the Shields report. The first introduction is
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always the apology of listing all of the difficulties
and all of the constraints he was put under in pub­
lishing that thing.

MR. HOLLAND: Tom Shields has our '84, '85
and '86 records. He has had them already and
he can have the lot. We have nothing to hide.

CAPT THALMANN: Not all the companies are
willing to go that far.

MR. HOLLAND: I accept that. I do accept that.

CAPT THALMANN: That is the problem.
People who are investigating, by and large, if they
are really serious about having some input, they
are going to have to make their data available in
the same format. Not a truckload of dive records.
They are going to have to write reports. And they

, are going to have to write reports like EDU
reports where things are broken down. Somebody
has analyzed them and has come forward and said,
"We have this bends incidence with this schedule,"
and not try to keep them under wraps. So, that
is why the military is not influenced very much by
the commercial world, because they do not have
the data.

MR. HOLLAND: We try to cooperate with the
services. We tried to in a number of areas. I am
not going to promise you that we will write reports
like the EDU reports because, unfortunately, half
the time we are fighting fires. You have people
that are better at writing that sort of report.

We put together what we believe is good
information. It is true information. We do not
like to falsify anything. And we make ourselves
look awful at times by putting in accidents. But
let us lay the thing on the table. We have prob­
lems with supervisors. Supervisors do not run
dives as they should. They push them to the
limits.

We believe in the 2 plus 2 rule. You would
probably criticize us in many cases for being ultra­
cautious when we have a particularly strenuous
dive.

All the time, our objective is to keep the DCS
rate down. And I think it is appreciated that we
have really given the table a fair testing out.

An example. We just did this job where I had
this supervisor who can test out anything, who will
find whatever is wrong with a procedure, the hard
way. Russ Peterson will tell you, we tried the
nitrox table out and it works just as well because
of some of the things he does with it. We are all
forever getting after the guy to pull him back. His
enthusiasm is to get the job done. If that enthu­
siasm keeps going much longer, he would probably
go on down the road.

But that particular day, we had just analyzed
a bunch of dives on his jobs, and another super­
visor was starting to use them--even the surface
mixed gas. You know, that really is asking a lot
of the table because you are missing out quite a
few minutes of the bottom time.

Okay. We did not have too many bends on
the job or anything like that, but that is the sort
of thing that happens. Unfortunately, in the field;
you will say we should control it better. We
inspect the jobs. We go out there and we do
what we can.

CAPT THALMANN: You can not lay that on
the doorstep of table development.

MR. HOLLAND: No, you can not. I am not
attempting to.

CAPT THALMANN: Well, part of it. I think
you were attempting to.

CHAIRMAN SCHREINER: I would like to
comment that it is a distinct pleasure as chairman
to have a group of people that is willing to speak
without fear or favor openly from their point of
view. I would like to congratulate both of you.

DR. LAMBERTSEN: The topic is not the topic
of validation. If you look at what is been said, it
has to do with development. It is intelligent
"random" modification, which is development, and
nothing that has been said in this last bit of discus­
sion, excepting the character of the repetitive
testing, has had to do with validation.

Dutchy is talking about the evolving tables-­
not by guess and by God, but by thoughtful injec­
tions upon tables. Ed is talking about the valida­
tion of a planned table. And what is missing is
the validation of the evolved commercial tables.
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Nothing has been said about that. No validations,
really, that I know of have ever been done on
commercial tables in a planned systematic manner.

So, if we just get the topic back to validation,
that may help. The particular study that led to
this kind of discussion served a great purpose by
getting the discussion going. If it does not then
lead to self-appraisal and a common approach
across industry, non-proprietary, it is not going to
do anything.

CAPT HARVEY: There is a frustrating point
that I have seen for the last 18-20 years in the
Navy. We have the ability to develop, compute,
and to a limited laboratory extent, test tables. But
many of our tables--particularly, let us say, in the
200-300 foot helium area, that kind of area--after
we develop them, the Navy does not have a mis­
sion that calls for us diving them very often. We
go for extended periods of time without getting
the follow-up that would be nice. Investigators
turn over and get frustrated because they cannot
see a followup.

The commercial people, on the other hand,
have a real handicap in not having the research
dollars put into developing the tables, but, sudden­
ly, they have got the testing out in the Fleet.

Gentlemen, I suggest that somewhere we need
to learn to get together so that the research things
that we are able to analyze and compute and put
together get to the Fleet. Then we can get the
necessary feedback to do some kind of analysis.
We need to get together.

MR. HOLLAND: I agree.

MR. IMBERT: I have to put in a excuse for the
diving company. We have the will to produce the
information. We have the tools, for instance, we
(COMEX) have been running a data bank on
computers since '74. There is one difficulty, the
employee liability. There is no way we can publish
company procedure. The only way to do it is
when the procedure happens to be official proce­
dure. Like in France, the French Government
official tables.

We have the U.S. Navy table which has been
used on our work site. We have information, and
we cannot release it because of company proce­
dure. The only way to assess the problem is when

a government decides to publish information.
What has been done by DOE, I think, is excellent
because now everyone has information to work
with.

CAPT HARVEY: The [U.S.] government has
come out within the past year rather strongly
about the extension of technology from govern­
ment research into private industry. It may be
that later Dick Garrahan would like to comment
on that when he has had time to think about it.
Government policy is that we will share and we
will make openly available to the commercial
industry and other people what we have devel­
oped. At least from the government's side, I think
there is a policy effort to make these things hap­
pen.

DR. BENNETT: I wonder if our commercial
friends would like to comment on the validation
or the development--you are doing both in a
sense--of operational tables with divers on a busi­
ness job. Do they know they are in fact being
used on tables that are not necessarily validated,
as it were? You are in a stream of what we get
involved within the laboratories, about which we
have a lot of concern and for which we are gath­
ered around this table. You are in a sense moving
sidew~ys as though it does not apply to you, the
kinds of problems we are going to be talking about
later, the ethics and all the rest of it, and the legal
situations.

MR. HOLLAND: I will ask you one question
right back. What is validation? We do not even
know. That is the unfortunate thing about it.
What we have to do is take all reasonable caution
in getting the things in the field, but it will be
foolish for us to continue with tables perhaps that
were not working as well as they could be when
there is something just around the corner we
honestly and genuinely know is better. We are
not going to put them in the field if they are
going to be worse, anyway. But I mean some of
them are not always going to be right. At the end
of the day, there is nothing which would give us
a tool by which we could call a table "validated."

You do not know what validation is; do you,
Peter? And I do not. Not really. But we have
got some ideas on it.
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DR. BENNE1T: A point well made. Before this,
I was sitting here looking, in fact, and considering
what Chris Lambertsen had just said and thinking.
"Now, is what I am going to say later really about
validation or is it about development?" There is
a thin line between the two. But in the end, you
develop your tables and then you validate them.
And you validate by the frequency and statistical
significance of the tables you have developed.

MR. HOLLAND: Until they are validated, they
are experimental, technically.

DR. BENNE1T: That is the point.

MR. GALERNE: I think we do not do a devel­
opment as was done 20 years ago. What we do
is modify the diving table. We do some improve­
ment. We test new things. So, we are not like 20
years ago, going into the unknown. I would say
that mostly what we do now is slightly improve all
the time.

Now, to come back to the question of the
U.S. Navy and the divers in the commercial field.
The problem is that diving tables 10 years ago
were still proprietary. They were to improve our
competitive position, with the customer. So, the
companies were absolutely not responsible to show
their tables. They were refusing to do it. They
were refusing to give any data. I think now this
has disappeared. Any good diving contractor now
has a lot of diving tables. We have completed in
my company 27,000 different tables. We are up
to here, you know. We do not care anymore. It
is not proprietary any longer, I am sure Dutchy,
has my tables. No? Okay. So, we all know now
it is not a professional secret. We all know what
the next guy is doing. It is no longer a big eco­
nomical advantage. So, now, you can expect to
see some collaboration.

CHAIRMAN SCHREINER: That is a good
input. I appreciate that, too.
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VALIDATION OF DECOMPRESSION TABLES;A DIVING DOCTOR'S VIEWPOINT

David A. Youngblood,MD,MPH & TM, Hyperbaric Treatment Center,

University of Hawaii School of Medicine

In twenty years of providing medical
support for diving operations, I have
had the opportunity to observe the devel­
opment of decompression tables based upon
a variety of mathematical theories. My
ineptitude in math has protected me from
becoming a disciple of any particular
decompression theology and allowed me
the freedom to function as an "optimistic
agnostic" and remain a relatively un­
biased observer. After all, it is we div­
ing doctors who have to face the harsh
reality of someone's faulty "fundamental
assumption" or the results of premature
field release of tables without adequate
validation.

Historically our validation of decompres­
sion tables has been woefully inadequate.
We ignored the statisticians for years,
blundering into the field with ten or a
dozen "bends free" wetpot dives, expect­
ing success but often finding failure in
the open sea. Field modifications fol­
lowed, almost all of them purely empiri­
cal, some based on experience, some based
on intuition - and some of them worked.
We were lucky. But don't trust luck;
trust the statistician. He'll tell you
what to expect. Don't leave the labora­
tory without him.

In the past we have depended upon the
reported incidence of decompression sick­
ness as a clinical criterion for the val­
idation of decompression tables. We need
a better end point, something sub-clini­
cal i.e. an easily measured alteration in
physiology which occurs before clinical
decompression sickness and which is re­
versible. In an engineering sense, we
need a method to measure the strain pro­
duced by decompression stress before per­
manent tissue deformation occurs. For in­
stance, in modern cardio-pulmonarv stress
testing we look for subtle
electrophysiological evidence of ischemia
long before pain or cardiac muscle damage
occurs. Advances in Doppler bubble detec­
tion offer great promise for pre-clinical
monitoring of decompression stress, but
we should search for other complementary
devices to measure the stress and strain
of decompression before overt sickness
occurs.

which are avail~ble:to monitor depth and
time accurately and record them objective­
ly and even transmit them electronically
to a central data bank. We've had good da­
ta banks, but we haven't had trustworthy
data. The means to accomplish this end is
available for the first time; it is only a
question of paying the price.

The ultimate validation of decompression
tables is quite simple; satisfactory per­
formance in the operational environment.
Traditionally this has meant the relative
absence of acute effects, i.e. decompres­
sion sickness. I maintain that this is
shortsighted and inadequate. We must also
insist upon the relative absence of chro­
nic effects such as dysbaric osteonecrosis
or permanent neurological injury. The his­
tory of occupational medicine is replete
with examples of work practices, proce­
dures, and toxic exposures which were
"generally regarded as safe" until evi­
dence of chronic disease surfaced twenty
years later. We have as much responsibil­
ity to validate decompression tables for
the absence of chronic, long term effects
as we do for acute decompression sickness,
and we need an international consensus on
the medical standards and diagnostic tests
required for the prospective studies need­
ed to "rule out" chronic disease or disa­
bility associated with particular diving
practices.

If we are to extend our scientific mea­
surements into the field - and we cer­
tainly should - we must devise a method
of accurately monitoring dive profiles as
well as dive results. Heretofore we have
relied upon written records of question­
able validity, but today we have devices

Page 59.
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ADDITIONAL COMMENTS BY DR.
YOUNGBLOOD

Tables have to be evaluated, somehow, in the
working environment. I think we have a de facto
process where this is occurring. It was interesting
having Claude Harvey describe that salvage job
after the airplane at 238 feet or whatever it was.
The same observations were made in the Gulf of
Mexico around 1969 by people diving the same
tables who had just recently left the same Navy; he
is absolutely right. They should have reported that
back then. And, you know, years later, you make
the mistake that they had already found the ans­
wer to. That is wrong.

DISCUSSION FOLLOWING DR.
YOUNGBLOOD

CAPT THALMANN: One of the things that Dr.
Youngblood pointed out is the fact that "generally
regarded as safe" is a flexible term and it depends
on your experience. When you say "generally
safe," it may not be safe tomorrow.

But, by the same token, if magically there
appears a set of criteria which could be applied to
table development, that would not stop the invol­
vement of generally regarded as safe, simply be­
cause now you have some standard to turn to and
once it passes it, you are no longer interested in
developing it. In other words, it may turn out to
be a bit counterproductive.

DR. YOUNGBLOOD: Andre has already an­
swered it, but I can assure you, speaking as a
physician who has been involved in the commercial
aspect of diving, decompression sickness is not
profitable. Companies will continue, if they have
problems, to try to improve the tables as long as
there are problems. All the empirical improve­
ment that has been done in the last 10 years has
mainly been done to reduce the loss of productive
work time, from having chambers occupied with
treatment recompressions, and to reduce the
tremendous expense of DCS-related litigation. So,
I do not think progress, will stop, because the lack
of progress is not profitable.

CAPT THALMANN: To reinforce what you said
about laboratory testing being disaster control: I
disagree with the idea that you cannot simulate
operational conditions in wet pots. You can. The
problem arises from a statement which says that a
half a percent incidence of bends is unacceptable.

What that means is, if you take a schedule
and exactly simulate your operational conditions in
the chamber and test it 600 times and have a
bend, you still have a reasonable probability of
that table generating DCS. So, it may not be that
table validations are not properly simulating the
conditions, it is just that there are not enough
numbers to show that there is going to be a prob­
lem. And it is only when it gets out to the field,
which is the only place you can test a table, that
it then becomes obvious that, "Listen. This is too
much. Let's fix it."

Because, when you develop a table, you could
simply take a table and say, "Double 'the decom­
pression time to make them safe." What useful
purpose are you going to serve unless you have a
reason to do that.

DR. YOUNGBLOOD: I overstated my case by
saying it is just a disaster control.

CAPT THALMANN: Well, it is.

DR. YOUNGBLOOD: It is disaster control, but
it can be more than that if realistic simulations are
practical, but it is not practical to do the number
of required tests. But we do have conditions, for
instance, in the Middle East, with relatively con­
stant sea conditions and relatively calm waters and
which are relatively far away from the plaintiffs
bar where significant numbers of dives could be
"field tested" to statistical significance.

DR. SHANE: I fully agree with what Dave said
about this having to pick a better end-point than
pain; but, unfortunately, that is going to require
that the basic research be done to determine what
is, in fact, the pathophysiology of decompression
sickness, which I do not believe we know at the
present time.

CAPT HARVEY: I have a little problem with
defining what we mean by 0.5%, because I can
very, easily take all Navy diving, which is a lot,
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ships and shallow, and I can have less than 0.5%
by a heck of a lot. But if you want me to do it
with all my tables between 150 and 200 fsw on air
over 30 minutes, I may run into some problems.

The point is, your less than 0.5% applies
where you are doing your diving, and that may be
a broad spectrum one year and a narrow spectrum
the next, and it will be slanted heavily by the jobs
you get. I am not sure that picking a magic
number is necessarily the correct way to approach
this thing.

CHAIRMAN SCHREINER: I think the magic
number of Mr. Holland is zero.

LCDR HOBSON: Also, there is one point further
to this, that the less than 0.5% that you would like
to have is field experience. Now, in the lab that
should be your worst case scenario. By the time
you get finished, if you achieve a 1% in the lab,
you can virtually guarantee that once they get out
to the field that that rate is going to drop. So, I
think 0.5% is very, very extreme for a lab scena­
rio. For an operational field evaluation after years
and years and years, I would see that as being
quite acceptable.

DR. LAMBERTSEN: The percentages you are
talking about are incidence of a problem in people
using an exposure. If the exposure was just fine
in the lab, in the field people are not all just fine.
So, what you are dealing with is two separate
matters of statistics: The shape of the population,
and extremes. You may be coming up against an
absolute brick wall here if you ignore the fact that
somebody is going to foul up every run, lab or
outside.
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CANADA'S APPROACH TO DECOMPRESSION TABLES

Jan Merta
Canadian Oil and Gas Lands Administration

My department, the Canadian Oil and Gas When we fully understand each other and the
Lands Administration (COGLA) is jointly respon- diving table submitted seems to be sound so far,
sible to the Department of Mines and Resources based on the past track record because that may
and the Bureau of Indian Affairs. We are respon- be the only evidence we have to go on, then we
sible for safety of diving operation in' Canadian will give agreement for use of the tables as sub-
Federal waters. I would like to tell you how we mitted. That means anything that is written in
view the matter of validation of tables, and how I instructions, in the manuals and all, is approved
try to implement this policy. as it was agreed upon. From there on, we do not

When I started in the position of Chief In- allow any change to any procedure without dis-
spector of Diving six years ago there was very little cussion and approval from my department. This
information about validation or recording of diving way we try to prevent changes which might later
activity or the DCS incidence in Canada. The on turn out to be a problem.
companies more or less kept everything close to In order to build a track record of the diving
their chests, and it was difficult to determine how activities in Canada and to be able to establish a
good their diving operations were or what their sound base which can used for evaluation of
DCS incidences were for normal working dives. existing decompression tables and development of

Therefore, from the outset my department new ones, about five years ago we began a dia-
began to require the Operator--which is usually the logue with the diving industry in Canada. We
oil company--to submit a proposal for what they explained to them the predicament we were in of
wanted to do. If the proposal called for a diving lacking a sound base on which future judgments
program, then we required whatever we felt was could be made. A man's judgment is only as good
necessary to evaluate a program. This was not as the information he has, and we had very little.
from the diving contractor, but from the oil com- So, we decided with the cooperation of the diving
pany operator, who then chooses a diving contrac- contractor that we might build such a base in
tor he feels might meet the requirements. If there Canada. This is being done with the help of the
is a problem, I usually deal with the Operator, Canadian Association of Diving Contractors
again, rather than with the diving contractor. Thus (CADC). They are an integral part, because
I deal both with the diving contractors and oil COGLA's jurisdiction only deals with diving activ-
operators. ities from twelve miles to 200 miles of shore.

Before the permit to dive is granted, usually Other diving activities are under Provincial jurisdic-
we require any diving contractor who has not dealt tion, and we would lose that vital set of data if we
with us before to submit a complete set of decom- had not worked out a scheme with CADC.
pression tables, procedures, operations manuals, We have initiated a divers' data base, which
administrative documents, other information inclu- has been working for the last three years. It is a
ding emergency scenarios, and other things we comprehensive data base covering individual Cana-
feel are needed. dian offshore divers. Simultaneously with the

I usually invite the company representative, divers' data base, we have developed a standard
either the senior manager or chief supervisor, to dive log book for divers, and also a report sheet
have a session with me and go over all the prob- for the companies' diving activities under our
lems which might be relevant to the safety of their jurisdiction. Some diving activities in Canada also
diving operation. use it. This meets the criteria for privacy, and

We scrutinize very carefully, for example, the because of that we have to keep it confidential.
typical decompression schedule they will be using, These report sheets were filled in regularly,
for the diving depths where they will be working. and our office was getting from every diving opera-

Page 63.
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tion, on a daily basis, a Telex of the results of any
diving activities going on. This meant I knew
whether they were diving or not and things like
the depths and the names of the divers. We
entered all of this information into our computer
with the bottom time, type of work, guidelines they
used, and whether there was an incident during
the dive.

Having this information for a reasonable time,
I started to see some interesting things which
might not necessarily be relevant to the tables.
That is, the DCS incidence of a table might not be
caused by the taple, but by the way the table was
used.

As an example, I noticed three divers who
were treated for a slight pain-only type problem.
When I looked through my data base, I discovered
that every time it happened one particular super­
visor was running the dive. Going to the super­
visor, I was able to find that he was not using the
tables properly. After talking to him and suggest­
ing some changes, we have had no further reports
of similar problems.

As a result of the information being gathered
and the guidelines we have established in keeping
close track of what dives are being done and what
are their outcomes, every incident is being report­
ed and scrutinized. We have established an educa­
tion process in Canada, having regular yearly
seminars for diving personnel at the University of
Newfoundland and in Toronto, and an annual
CADC conference. In general, we have been able
to get good overall understanding and concern.
Since the end of 1983 I have not had any report
of any diving incident which was related to the
decompression tables, irrespective of which tables
were in use. That includes U.S. Navy tables. We
do all kinds of diving, from very shallow to rather
deep for air tables.

Based on what we have learned for this
particular information, and in order to understand
better what it means to validate tables and ap­
prove the ones that are sound, and to sort out the
others which are a little bit uncertain, I have
initiated a new study with the Canadian Associ­
ation of Diving Contractors. Dr. Bill Hamilton is
the principal investigator. This study focuses
exactly on what Dutchy Holland was mentioning.
It will be a data base for storing dive records,
profiles, etc. We plan to include diving records

made available to us by the diving industry. The
records will be entered from company dive logs
into a computer for storage and analysis. Hope­
fully, we will be able to analyze from this data
different types of tables, how much has been done
using specific tables, average depths, DCS inci­
dence rates, etc.

The U.K. Department of Energy has already
authorized, for example, DCIEM air tables, but I
have not yet done so because I do not know the
track record. Certainly I have nothing against
these tables. In view of the track record of exist­
ing tables used in Canada, it is hard for me to
simply say that their tables will be as good. It
appears that their experimental incident ratio is far
greater than what we have been seeing in the field
for the last four years.

Offshore diving is quiet right now, but there
is quite a bit of diving going on inland using these
tables; the study will look very carefully at hun­
dreds of dives done with the DCIEM tables, and
compare them against other data we gathered from
the diving industry. Then I will make a decision
as to the validity of these tables.

So, I feel that from this point of view, we in
Canada are trying to keep some objectivity. I am
trying to go about it empirically because that is the
first step. Perhaps later on, we will eventually
have a very large and comprehensive data base.
We hope to develop some standard report sheet
which will allow us to keep uniform records and
then in some way develop the methodology to
compare and evaluate new tables.

I personally believe very much in progress,
and that one should never stop and decide that
since we have no problem with these tables there
is no need to work on new ones. I feel that new
tables might increase our bottom times, perhaps
will be shorter, and should be equally as safe. But
my primary responsibility is for the diver. Before
I let some tables be used which do not have a
record in the field, irrespective of how well they
have been developed and validated in the lab, I
will err on the side of caution and will require
some further examination as they are put to use
in the field. This will then be matched against the
data base I hope to have in place.

From this study they expect to put in as many
as 25,000 dives. We will be able to do analyses
much like those of Dr. Shields in England. We
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will be able to take a much closer look at the data
and see whether we can extrapolate some further
information.

But for the present I feel that table evalua­
tion, in order to be reliable, has to first ensure
that the tables are used as they should be in the
field, that there are no deviations, and that one
has maximum control over the procedures and
other techniques which might affect the outcome
of a particular table.

So, we have taken other steps and have
developed in Canada "EARS," Emergency Automa­
tic Recording System. Our office has supported
the development of this unit at the level of about
$150,000. The unit basically is a black box for the
diving industry, which now, under Canadian regula­
tions, is required on all deep diving systems--diving
bells and decompression chambers with human
occupancy. This system is now presently at
DCIEM undergoing extensive tests and evalua­
tions. It has been used for a year by the Under­
water Training Center in Toronto. The unit is
fully sealed, pressure resistant, and capable of
taking 16 channels simultaneously. We can record
the time, depth, pressure inside the bell, outside
water temperature, partial pressure of oxygen, the
diver's depth, etc.

All that is tamper-proof, so we can retrieve it
anytime for investigation, and can record the
output in a supervisor's shack, straight, so he can
have a copy of his log exactly as it happens. So,
with this type of information I am hoping that we
will be able to gather reliable data and, as time
goes, will have some base which will make evalua­
tion of tables more and more objective. But at
present I am looking at each table individually. I
am looking at the track record behind the table:
How long has it been used, what is the typical use
of that table, how many problems have been
experienced with that table, who developed the
table, does the company understand the table, how
does the company want to use the table, and who
will be the people who will be using the table.

Because we have good control of who is
working in our Canadian offshore, we can not only
encourage better training in the use of tables
through the training schools, but we are working
to get better interpretation, for example, of de­
compression sickness. It is a mandatory require­
ment that every diver has minimum amount of

emergency medical training, including a module
concerning hyperbarics, and at least one member
of the crew on any installation has advanced
hyperbaric training. I believe that their interpreta­
tion of decompression problems or any symptoms
is getting to be pretty well what we understand it
to be.

Now, I know that there are problems for a
company to report, sometimes, an incident which
they successfully handled. But as I said, I trust the
industry, because we agree that we want to find
the problems and have the best safety record
because everybody will benefit: this will eventual­
ly improve the insurance rate.That's the story in
Canada.

DISCUSSION FOLLOWING DR. MERTA

CAPT HARVEY: One of the difficulties of
comparing tables for their validity is that there
seems to be no consistent agreement on how we
sub-divide these tables into little blocks, or groups.
If UHMS or someone could come out with a
suggested guideline for our reports and analyses,
it might be very useful to everyone concerned. I
find it difficult to cross-compare tables or sets of
tables with maybe one bad in the deeper end and
one bad in the shallow end, or what have you. I
would like some arbitrary blocks that we can agree
on.

CHAIRMAN SCHREINER: That is a good
suggestion. Dr. Merta, let me ask you a question:
When you issue a diving permit after duly scrutini­
zing the procedures and the capabilities of the
diving contractor, do you thereby relieve the diving
contractor for responsibility for proving that his
procedure is appropriate? Is that tantamount to
a government endorsement of the procedure in
Canada?

DR. MERTA: We do approve every operation,
including the diving. It is not that we in some way
are taking responsibility from the contractor.
What we are saying is that what they have presen­
ted to us is acceptable to us from the point of
view of sound diving technique, for example, or
training, medical treatments, et cetera. Now, the
situation might change during the operation. We
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have a set of regulations. As long as they follow
regulations and everything is sort of as it should,
then if something happens, obviously, we inves­
tigate.

Obviously, we do not act as a certifying auth­
ority which will put a stamp of approval on the
table. We just scrutinize things, trying to assure
that they meet minimum safety criteria. A con­
tractor can improve and go further.

CAPT THALMANN: Did I understand that in
your investigation of diving incidents, you did not
find any decompression sickness which is directly
attributable to the table?

DR. MERTA: Yes.

CAPT THALMANN: It was attributed to how
the table was used?

DR. MERTA: Yes.

CAPT THALMANN: I think somebody ought to
underline that in capital letters. Let me ask
Dutchy Holland the second question. If you have
supervisors who are screwing up your tables, why
do not you fire them?

MR. HOLLAND: We do.

CAPT THALMANN: Good.

CHAIRMAN SCHREINER: I tell you this is not
easy; it shows that much comes out in the discus­
sion that would never come out in the formal
presentation.
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LEGAL ASPECTS OF DECOMPRESSION TABLE VALIDATION

James R. Sutterfield
Carmouche, Gray & Hoffman, A.P.L.C.

An Overview of the Need for Diving Table
Validation Vis-a-Vis Legal Liabilities

Commercial oilfield divers who work for
one diving company on a permanent basis
and are who assigned to a particular
vessel regularly used to transport the
divers to their locations may be con­
s idered seamen and have the protection
and remedies provided by a federal
statute called the Jones Act l . If in­
jured, these divers can sue their em­
ployer and can recover damages if there
is any negligence, even in the slightest
de1ree, which was a cause of their inju­
ry. They have a right to bring suit in
federal or state courts 3 and can demand
a trial by j ury4.

Divers who freelance for several compa­
nies, or those who have a principal em­
ployer but are associated with different
vessels, mayor may not be considered
seamen depending on the facts and cir­
cumstances of their relationship to the
company and to the vesselS. The trend
of the courts seems to be away from
finding non-traditional seamen, such as
commercial oilfield divers, to be Jones
Act seamen6 • However, if they are not
considered seamen but simply maritime
workers, an injured diver is not without
remedy against his employer. As a sea­
man, an injured diver is owed main­
tenance and cure, that is, medical
treatment and reimbursement for the
value of room and board which he would
have had aboard ship, save for his inju­
ry7. This is without regard to his em­
ployer's negligence. As a non-seaman
maritime worker, he is entitled to medi­
cal attention and weekly compensation.

The diver can also sue the owner of the
vessel on which he was employed. This
claim is asserted against the vessel
owner whether or not the owner is the
diver's employerS.

If the diver is not working from a ves­
sel but rather from a fixed structure,
he will not be considered a seaman. If
the fixed structure is a platform on the
Outer Continental Shelf, he may be enti­
tled to a remedy for compensation under
the Longshore and Harbor Workers Compen­
sation Act 9 • If the fixed platform is
located within the territorial waters
of a state, he may be limited to bene­
fits under the compensation laws of that
particular state lO . If the diver is
killed while working from a vessel more

than three nautical miles from the
boundary of a state, he is entitled to
remedies under the Death on the High
Seas Act, without regard to his status
as a seamanll •

With respect to decompression tables,
there are practically no reported court
decisions which deal with validation or
where there has been a determination of
the validity of the use of any particu­
lar table. Thus, my knowledge on this
subject comes from practical experience
in handling diving cases during my 20
years of practice, and discussions which
I have had with other maritime law prac­
titioners and expert witnesses, both on
the plaintiff and defense side of the
bar. Most of the cases involving in­
jured divers where the validity or use
of decompression tables comes into ques­
tion are settled before or during trial.
Often the reason for settling is the
lack of sophistication of the trier of
fact (whether judge or jury) and the
general sentiment that the American tort
system has moved away from being fault­
base~ and. is ~~w based more on social
conslderatlons.

Unfortunately, too often the practice in
the commercial oilfield industry has
been to use decompression tables that
have not been validated by the user. In
most cases, the tables were "borrowed"
from the U.S. Navy or one of the older
diving companies and then modified
through the use of computer simulation
techniques to utilize the table at
depths greater than those for which
originally designed. Thus, counsel for
an injured diver can easily argue that
the commercial oilfield diver has become
a guinea pig for these "new" tables.

Even if the tables are successfully used
over a period of time, the judge or jury
may still conclude that the tables were
inadequate to prevent the particular
injury involved in the lawsuit at hand.
Often, review of the dive logs proves
that the tables were not followed to the
letter. The plaintiff's attorney then
has an easy job of showing negligence of
the diving company and its supervisory
personnel. To use a worn phrase, it is
a "Catch 22" situation. If the tables
were not followed, therein lies the
employer's negligence. If the tables
were followed to perfection, the fact
that the diver was injured proves that
the tables were flawed. Even in those

. Page 67.
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few situations where it can be proven
that the diver intentionally disregarded
safe practices, the employer will still
bear a share of responsibility (and le­
gal liabi Ii ty) as the seaman I s duty to
protect himself is slight. 13

When the dangers inherent in commercial
oilfield diving and the divers' compen­
sation are explained to a jury, they
often recognize that this is a high risk
occupation and conclude that the diver
bears considerable responsibility for
his own health and safety. Although the
diver cannot be blamed for selection of
the decompression table, if he fails to
follow directions during the decompres­
sion process or refuses to return for
recompression when he has symptoms of
the bends, juries may often assess the
diver with a sizable percentage of con­
tributory negligence. Under the general
maritime law, comparative negligence
applies and the percentage of negligence
of the diver will reduce his judgment
correspondingly.

Diving companies have had the greatest
success in defending against claims when
they have followed the U.S. Navy diving
procedures and the Navy tables.
However, following a government standard
is no guarantee that an employer will be
exonerated from responsibility. In some
cases, plaintiff I s counsel have effec­
tively convinced the trier of fact that
the Navy tables were designed primarily
for inspection dives and not for the
strenuous exercise required in commer­
cial oilfield diving operations.

From a practical standpoint, until there
has been validation of decompression
tables for diving at depths greater than
those allowed by the U. S. Navy tables,
diving companies will continue to find
it difficult to win lawsuits brought by
injured divers.

Legal Aspects of Validation Testing

The attempt to establish, through
simulation and then by actual field
testing, a series of tables approved by
an official agency of the United States
government for use in commercial oil­
field diving operations is, itself, not
without legal pitfalls.

Testing, in order to be effective, must
ultimately involve human test subjects.
Several years ago, the F. G. Hall
Laboratory at Duke University conducted
a series of simulated deep dive experi­
ments called the Atlantis Series, under
the direction of Dr. Peter Bennett, the

director of the Laboratory. The purpose
of these dives was to research high
pressure nervous syndrome. Only experi­
enced divers were employed as experimen­
tal subjects. Despite extensive pre­
dive testing and work-up, and despite
the fact that he had participated in the
first series of dives with no ill ef­
fects, one of the testing subjects suf­
fered permanent organic brain damage
which was attributed by him to the .ef­
fects of his participation in the Atlan­
tis III dive which went to a simulated
depth of 2,250 feet as planned, setting
a new world record. It should come as a
shock to no one familiar with our liti­
gious society that this subject filed
suit. I am pleased to say that the
court in that case dismissed the suit
and, in so doing, not only vindicated
the actions of Duke and its representa­
tives, but saved the day for testing
with use of human experimental subjects
by setting forth, in effect, a set of
guidelines for this participation. 14

The lawsuit primarily centered around
claims that the researchers failed to
disclose certain dangers inherent within
the testing and, alternatively, that the
testing was an ultrahazardous activit¥
subject to laws of strict liability.l
To deal with the latter first, the court
felt that the type of research being
conducted under the conditions present
was not such an ultrahazardous activity
as to justify the application of the
doctrine of strict liability. Concern­
ing the claim of failure to disclose
certain dangers, the court explored at
length the factors involved in valid,
informed consent.

Non-therapeutic experimentation is de­
fined as that experimentation not di­
rected toward providing a benefit to the
subject, but instead concerned with the
discovery of data through the research
on that subject. The issue of informed
consent will often be controlled by case
law or statutory law of the state where­
in the testing is taking place. In or­
der to properly present a case based
upon failure to disclose, a test subject
must show that the persons conducting
the experiments made a representation
relating to a material fact either past
or existing; that the representation was
false; that the experimenters knew the
representation was false when it was
made or made it reckless ly without any
knowledge of its truth and as a positive
assertion; that the experimenters made
the false representation with the inten­
tion that it should be relied upon by
the test subject; that the test subject
reasonably relied upon the representa­
tion and acted upon it; and, finally,
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that the subject suffered injuries as a
result thereof. The Atlantis Series
case turned upon the fact that the sub­
ject admitted that he knew the pos­
sibility of organic brain damage existed
whenever compression and decompression
were involved if not properly treated,
as well as the fact that the scientists
conducting the experiment were unaware
of this condition being a normal condi­
tion for experimental deep diving. In
fact, the scientist indicated that if,
in fact, the subj ect had sustained the
type of damage alleged, it would be the
first case ever. Further, all risks
pertaining to deep diving that had oc­
curred in the past were included on the
informed consent form.

As stated, the Atlantis Series case pro­
vides a comprehensive guideline for con­
ducting simulated testing. As simulated
testing does not take place actually in
the water, no maritime law aspects are
involved and the legal aspects will be
controlled by land-based law, usually
that of the state wherein the testing is
involved, as supplemented by overriding
federal legal considerations. The legal
aspects of simulated testing for table
validation would be exactly the same as
any testing involving human subjects.

To the extent that field testing in
actual water depths would be required
for validation of tables, there are
other sets of laws with which one must
be concerned. The first is the
knowledge that if an agency of the
Uni ted States Government, such as NOAA
is conducting these tests by employing
either testing subjects itself or con­
tracting with others to do so, it has
legal exposure by virtue of the Federal
Tort Claims Act which subjects the
United States to liability for the torts
of its employees in the same manner and
to the same extent as private indi­
viduals would be liable· under similar
circumstances. 16

In theory, such field testing could be
conducted by scientific personnel diving
from vessels regulated by the terms of
the Oceanographic Research Vessels Act
(ORVA) .17 I say theoretically because
an exhaustive search has not turned up
one case involving a claim brought by a
diver conducting any sort of diving
test. However, the act exempts vessels
which the Secretary of the Derartment of
Transportation has certified 8 to be a
vessel employed, among other things,
"exclusively in oceanographic research,
including, but not limited to, such
studies pertaining to the sea as seis­
mic, gravity, meter and magnetic ex­
ploration and other marine geophysical

or geological surveys, atmospheric
research and biological research. "19
The Act further defines "scientific per­
sonnel" as persons aboard a vessel sole­
ly for the purpose of engaging in scien­
tific research, etc. 20 and specifically
excludes from the category persons
aboard who are involved in the naviga­
tion of the vessel. 21 The importance of
the Act is that the scientific personnel
aboard an oceanographic research vessel
are not considered seaman for the pur­
poses of the Jones Act. By case law,
they have been extended the benefits of
the warranty of seaworthiness,22 i.e.
the vessel owner owes them a duty of
making sure that the vessel is fit for
its intended purpose, but they have no
right to sue their employer under the
Jones Act. Any claim they would have
against their employer other than as the
vessel owner, would be addressed under
the Longshore and Harbor Workers Compen­
sation Act and they would be relegated
to compensation and medical expenses.
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ADDITIONAL COMMENTS BY MR.
SUITERFIELD

If anyone does not know, the Jones Act is a
statute of the United States enacted in about 1920
for the benefit of seamen. It requires a more or
less permanent attachment to a vessel. The em­
ployee has to be--had to be--an employee of the
vessel and he had to contribute to the mission of
the vessel. When the exploration of the Gulf of
Mexico occurred, suddenly, there were some
people who used to be known as welders and oil
field roustabouts who suddenly said, "Hey, I'm a
seaman because I'm out here working, suffering
the problems of the sea." And some of the courts
agreed with them.

One other thing about the Jones Act. The
only real requirement is that a suit under the
Jones Act be brought in the district wherein there
is a navigable stream. So, you can have a lot of
cases filed in Beaumont, Texas, for example,
because there are some judges in that district that
seem to have a different view of what the law
should be than a lot of us. Plaintiffs tend to find
these judges.

But it works both ways. The 7th Circuit has
taken what I believe to be a much more realistic
attitude of what the Congress meant when they
passed the Jones Act. In the 7th Circuit, a person
aboard a vessel has to be there to aid in the
navigation of the vessel in order to be considered
a seaman.

It is also very important to know one reason
why all the plaintiff lawyers try to make the people
seaman. That is that they really do not make
much of a fee if he is considered a longshoreman,
because then he gets a set schedule and there is
usually not even a reason to file a lawsuit. If he
is able to make his client a Jones Act seaman, he
gets somewhere from 25 to 40% of the award.

And there is another thing in the law, it is
called, "You take your victim as you find him."
Certain people are more susceptible to any sort of
injury than others. That has to be taken into
consideration as well.

Given those few situations where it can be
proven that the diver intentionally disregard safe
practices, the employer will still bear a share of
the responsibility and legal liability as a seaman's
duty to protect himself is slight. Slight, it is almost

nonexistent. It is existent, but it is extremely
slight.

So make sure if you are planning to take
advantage of ORVA that you have your legal
department go down to the Coast Guard and get
your vessel certified.

DISCUSSION FOLLOWING MR.
SUTIERFIELD

DR. YOUNGBLOOD: I just want to make sure
that everybody heard you on that principal about,
"you take them as found." That is something I
find, in reviewing diving cases, that diving com-.
panies often do not comprehend.

MR. SUTIERFIELD: I do not think that we
could overly stress the importance of a good
pre-employment physical for any divers, or pre-dive
physicals to make sure that the guy that you are
sending out is physically capable of doing the
work. If you do send anyone out that is not, you
are going to pay for it.

DR. YOUNGBLOOD: A particular area where
it is expensive to look is the organic brain disease
situation, because that is the one that is really
expensive if the claim is brought against you.

MR. GALERNE: Do you think we could scare
the divers if we look at their brain?

DR. YOUNGBLOOD: Well, you jest, Andre, but
that is usually what the unsophisticated diving
contractor says. If you look and there is damage,
you can either not employ him or you know it is
there and if anything happens, "it comes out in the
wash."

MR. GALERNE: It was a joke.

DR. YOUNGBLOOD: Oh, I know it is with you.
It is not with some of your friends, though.

MR. SUTIERFIELD: Let me make one com­
ment about something that was brought up earlier
about waivers. It is against public policy to allow
someone to waive a negligence claim against
another party before it has occurred. In effect,
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you can not give anyone a free shot. These
waivers do not work.

You can inform them of all the bad things
that could possibly happen to them, and if one of
those things happens by virtue of something other
than negligence, that is fine. They have under­
stood that; but you cannot absolve yourself from
negligence simply by getting someone to sign a
waiver. It is against public policy.

CHAIRMAN SCHREINER: Let me ask you a
question about the jury trials that a seaman can
request under the Jones Act. That is a civil jury,
I take it.

MR. SUTIERFIELD: In Federal court, it is a
jury of six. Some states allow a jury of twelve.

CHAIRMAN SCHREINER: But the decisions
are made by majority vote.

MR. SUTTERFIELD: .Yes.

CHAIRMAN SCHREINER: You do not need
unanimity as in a criminal jury, do you?

MR. SUTTERFIELD: Well, it depends. Within
the Federal system, you do not. But it depends
upon the jurisdiction. That is a local matter.
Some states require the unanimous verdict. They
generally all agree to the verdict.

MR. HOLLAND: There may be something
happening in the UK which could give all of us
guys with organic brain disease some hope. The
University of Lancaster is attempting at the mo­
ment to prove that all divers after a time, as they
get older, suffer from, I do not know the technical
word, organic brain disease, I guess..

DR. SCHANE: I have two things that relate to
that. The first is that Peter Norris is the guy at
Lancaster who is doing that work. Also, a former
student of Dr. Lambertsen by the name of Joe
Idicula reported in 1982 at the Naval Symposium
in Bombay that CT scans of veteran divers showed
similar effects of those of punch drunk boxers.

DR. ELLIOTT: We are talking about an end­
point which is related to decompression validation,

but, obviously, since rather like other things such
as benzene and leukemia, with a 10-15 year lead
time, you can not pin the particular dive down.
So, it is really not in our consideration today.
But, at the same time, one is very concerned about
this. What is happening in the UK that I think is
relevant is the Medical Research Council's Decom­
pression Sickness Panel has now got a working
group on long-term health effects in order to
assess the evidence for the alleged long-term ef­
fects on every organ system, including the central
nervous system, with the intention of producing a
review within the next year or two.

Now, I do not think we are unique in this, but
I thirik the track record of the MRC Panel is such
that it should be reasonably authoritative, and as
some of you know, we are actually having a work­
shop in the spring of 1987 on diagnostic
procedures in decompression neurology.

MR. SUTTERFIELD: Two quick things I made
a note of in chatting with people earlier. Some­
one talked about what we have called the state­
of-the-art defense, and that is at the time such­
and-such occurred. You did everything that was
known in scientific circles about this situation, but
then later the knowledge has increased. We now
know that, for example, that asbestosis matters;
others are diethylstilbestrol, silicosis, etc. At the
time those things were not thought to be harmful,
and then later we find out that they are.

State-of-the-art defenses do exist. You say,
"Well, at the time we did everything totally prop­
er." However, state-of-the-art defenses generally
do not succeed, in my experience, when you are
talking about people. If you are talking about
property damage, yes. You win on those all the
time. When you are talking about people, they
generally find a way to get around the state-of­
the-art defense simply because they just feel be­
cause of social values that the people should be
taken care of. And that is what we have had in
asbestosis and diethylstilbestrol. It is something
that could happen in the diving industry with
organic brain damage, etc. You say, "Well, we did
not know that then but now we know it." Unfor­
tunately, you may have to pay for it.

The other thing is that if, in fact, the Federal
Government were to establish certain tables and
guidelines and if you followed those, you should
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be okay. The Federal Government could get into
that business and could promulgate diving tables,
and then the Congress could pass some sort of
National Tort Act that said that, "If, in fact, you
follow these tables, then you will not be consi­
dered liable," etc. It is possible. They have done
that in certain cases, like with hospitals on a state
level. They have said, "You are not going to be
responsible for selling blood, as long as you follow
certain guidelines." When that has happened it
has been necessary in order to get people to be in
that business. If diving ever becomes such a
necessity that they feel it is worth it and that is
the only way they can do it, something like that
may happen. But until then, I would not hold out
a lot of hope for it.

DR. YOUNGBLOOD: There is a real problem
there, which I think Jan Merta or somebody
alluded to earlier which we saw happen in the
tunneling industry in the matter of long term ef­
fects. Unless we consider the implications that are
possible with long term effects, if we should go the
short term route of validating on the basis of acute
criteria only, we could get into the situation of the
tunnel industry. In certain states, certain schedules
were mandatory. You could not do anything else.
Then we discovered that the long-term effects
were there, but the contractors were almost legally
bound.

MR. SUTTERFIELD: My knowledge of OSHA
is somewhat limited. It is my recollection that it
provides that nothing in the Act itself should affect
the civil liabilities of the employer. What they try
to do is make sure that no one could either sue
on behalf of OSHA, per se, or defend on that
basis. If what you have said is correct, it is some­
thing that has to be addressed by trying to get the
regulation changed or trying to get the tables
changed.

DR. YOUNGBLOOD: What it leads to is aseptic
bone necrosis. I was not considering it from the
litigation standpoint. The point is that it cements
things at that point and closes the mind against
either the possibility of long-term damage or the
possibility of further improvement in the proce­
dures.

MR. SUTTERFIELD: If it is something that you
are required absolutely to do just one way, then I
do not really know. But if it is a regulation that
it is a minimal standard--I think most OSHA
regulations are minimum standards--and just be­
cause you meet that minimum standard, if you, as
an expert in that field, know that you should do
more than that, then you have to do that. You
are not going to be shielded from civil liability
simply by following the OSHA minimum standard.

MR. HADDON: Several years back under the
Eula Bingham administration, there was a program
directive written that said you could use a consen­
sus standard that is better than OSHA standard if
you were aware that it was better; that was permis­
sible. At first it said it would be a d-minus charge,
and then they eliminated that. And, so, OSHA
does recognize that things change. There can be
improved conditions.
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A DEVELOPER'S VIEW OF NEW DECOMPRESSION PROCEDURES

R.W. Hamilton
Hamilton Research Ltd.

ence on which they are based. That is not strictly
true, because we learn from experience, and in any
evolutionary design process whether it be the
engine for a car or the recipe for a cake, we try
to strengthen the weak points of the previous
versions in the next edition. A second premise
says that where proper capability to treat DCS is
in place there should be no significantly greater
risk as a result of decompression sickness to the
diver in the field than to the one in the laboratory.
Other field-related risks will certainly be greater
there than in the lab, but these are not particularly
related to the reliability of the decompression
table. When recognized early and treated prompt­
ly, the DCS (decompression sickness) that might
ensue from the unreliability of a decompression
procedure poses little threat of lasting injury. The
cases where "decompression sickness" has caused
injury have virtually all been the result of delayed,
improper, or inadequate treatment, or of some
factor other than DCS (such as blowup and/or
embolism).

Other factors have been brought out earlier
in this meeting. Even an immense "laboratory"
program may fail to establish a table's true reliabil­
ity for its use under field conditions. Further,
laboratory programs nowadays may be seriously
constrained by ethical or insurance considerations,
not to mention the costs. Because DeS occurs as
a probabilistic or statistical event, the practicality
of definitive laboratory testing, even with adjuncts
such as bubble detection, will diminish as experi­
ence and hence reliability improve; it takes a lot
more dives to establish that a DCS incidence is
less than say 0.1% than to see an incidence when
it is 10% or more.

While DCS may be inevitable, it should never
be regarded as acceptable.

No practical diving procedures can be guaran­
teed to be totally free of DCS. The reliability of
a set of decompression tables is a series of shades
of gray, not areas of black and white.

Background
The first and foremost premise behind this

approach is well known to all of this group but has
to be mentioned, that successful new decompres­
sion procedures are based on decompression exper­
ience. Various mathematical, graphical, intuitive,
and other processes are used to translate previous
experience into new procedures. One might be
tempted to say at this point that a set of new
procedures--given the set of transition processes
currently available--are no better than the experi-

Page 75.

Introduction
This is a "position paper" from one who has

over the last couple of decades been involved in
or watched closely the development and introduc­
tion of a number of new decompression tables and
procedures in a variety of environments. I can
report both successful and some not-so-successful
experiences. These have led me to a general
concept of how, in my opinion, the "final" steps in
the process of decompression procedure develop­
ment might safely, effectively, and ethically be
carried out. Let me first summarize the concept,
then state my premises, layout a working plan in
more detail, and tell a story or two. The idea is
simple and straightforward, but it may require
some judgement at several points in order to be
implemented.

New procedures are given appropriate "testing"
under "laboratory conditions," and are then intro­
duced into "provisional" operational use under
controlled conditions. This calls for their being
used by competent crews and divers under expert
supervision, at sites where prompt and adequate
treatment capability is readily available, and with
careful and valid records keeping. Results are fed
back, modifications made where necessary, and
when sufficient experience in their use has been
accumulated the provisional tables can be declared
operational. However, decompression tables
should never properly be regarded as "finished,"
but should be susceptible to revision whenever it
makes sense.
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Proposed plan for table validation
Here is a suggested "general" plan for validat­

ing a new set of decompression tables. It is
neither complete nor definitive, but it covers the
basic ideas; the main theme is to proceed with
careful small steps. Figure 1 shows this diagram­
matically.

Plan the validation
To begin with, the source of the new tables

should be considered when planning the validation.
If they closely resemble other tables whose reliabil­
ity has been established, one would require few
if any chamber tests before starting provisional
field use. On the other hand, if the new proce­
dures are based on novel concepts or fall in a
category where there is little experience, a more
extensive laboratory testing package or even a
development program should be performed before
considering serious field use. Validation would be
performed on the product of the development
program.

How many chamber tests?
This is an area where some judgement has to

be applied. The choice of how many and what
kind of tests to perform depends on how closely
linked the new procedures are to valid experience,
and also on how reliable and how relevant that
experience was. And how well the new tables
work.

It should be recognized that these chamber or
laboratory validation tests are not intended to
establish a "bends incidence" but rather to expose
any catastrophic malfunctions in the development
process. It is certainly unrealistic to expect that a
series of chamber dives will prove that a set of
tables will not result in DCS. They represent
some small steps.

Before any great efforts are spent in valida­
tion it would be advisable to have procedures that
are relatively new looked at by someone other
than the table designers, preferably by someone
experienced in and involved in the operational use
for which the new tables are intended. This is not
so much to try to predict the decompression reli­
ability but to see if the patterns look reasonable,
and to check that operational details such as gas
switches are manageable and will be accepted by
the divers.

Provisional use at sea
In general terms I would consider it all right

to go directly to sea use under controlled condi­
tions (discussed later) when the "new" tables in
question are closely related to established exper­
ience and when the changes are designed to be in
a conservative direction. This could be compared
to the common practice of jumping to a deeper or
longer table to add conservatism when the super­
visor determines that it is needed. Small steps.

A half dozen or so validation dives might be
needed for a less conventional modification such
as speeding up decompression by increasing the
level of oxygen breathed by the diver.

For a virtually new process such as diving with
exotic gas mixtures or use of a constant POz, we
encounter the overlap of development and valida­
tion. If new decompression procedures are not
firmly based on established experience ~hen some
laboratory trials or chamber dives are needed, and
this should be called development rather than
validation. Here judgement is needed to design
a test plan appropriate to the degree of newness
and uniqueness of the procedures.

For most relatively established designs I would
accept a dozen or so clean chamber dives as ade­
quate evidence that it is time to move to the stage
of provisional use at sea.

If you are going to skip the "provisional" at­
sea steps and want to proceed directly from the
chamber to the stone tablets then hundreds of
man-dives in the chamber may not be enough. By
this I mean that it is unwise to present tables as
"finished" based only on dry-chamber laboratory
experience. When the laboratory has provisions
for hard work in cold water using field equipment,
the step to the sea is small.

But I am not advocating expensive "sea trials"
for their own sake, unless the organization needs
the exercise. A responsible diving outfit should
have the capability to use provisional tables for an
appropriate pedod within the scope of normal
operations. The conditions for provisional use of
new tables would vary considerably depending on
the nature of the operation and the tables, but
would involve a few principles. One, as we have
noted, is to take small steps.
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Figure 1. Steps in table validation.

Requirements for initial use of provisional tables
Provisional tables should be used at first by a

competent crew, one that already knows the set­
ting, the job, their equipment, the tables, and their
operating procedures. The crew should know each
other, and the supervisor should know his divers
well. New tables should not be introduced for the
first time under stressful conditions of weather,
equipment, current, language, client pressure, and
so on. Some have suggested that divers acknowl­
edge with their "informed consent" that the tables
are provisional; personally I believe this would be
appropriate only in certain cases. Tables that
represent sufficiently small steps away from proce-

dures acknowledged to be reliable by all concern­
ed--including the divers of course--should be use­
able at sea without informed consent.

As important as the crew and the chamber, it
is critical that management be involved and aware
of the situation. The requirements offered here
are tough enough when everyone is cooperating,
and do not need the additional stress of obstruc­
tive or non-participating management.

The person in charge should be trained and
have some experience in dealing with decompres­
sion sickness, and should have all the equipment,
gases, drugs, communications, and know-how to
handle a DeS event. In truth, this should be the
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case on all diving jobs, but in the real world it may
not be, so special attention should be paid to it.

Along with these factors to minimize the
impact of any possible DCS, it is necessary that
the results of the provisional use be accurately and
honestly recorded and reported. I would like to
suggest a degree of impunity for the records-keep­
ing process, but we all know that such things are
difficult if not impossible. Ideally, a person should
not be punished for reporting a deviation. In any
case every effort should be made to get the facts,
and these should of course be passed back to the
table development team.

A story might illustrate how difficult this
reporting process is. Dr. Bill Hunter--the Navy
doctor, not the lawyer--did a study of some 6000
dives recorded at the Navy Safety Center (Hunter
et aI, 1978). He found, among other things, that
a number of dives were logged in which the bot­
tom time was too long for the decompression table
used; or in other words, the correct table was not
used. While he found DCS logged on many of
the other dive records, none of this group reported
any bends. Does this mean that it is safer to stay
a few minutes over your proper bottom time, or
could it reflect the fact that while people might
report a deviation that did not lead to trouble, no
one would volunteer that the wrong table had
been used if someone got bent?

Results of provisional use
Presuming that we can carry out a tidy opera­

tion using provisional tables and get the results fed
back to the table team, one other principle needed
is that if things do not go well enough, additional
changes or revisions will be made. Any DCS
should be investigated, and necessary corrective
action taken. Often procedural or operational
changes will suffice at this stage, but the tables
should be changed when that is needed.

Judgement enters again in determining when
enough provisional experience has been accumu­
lated. I would expect that after only a few or a
few dozen successful dives the provisional rules
could be relaxed, with tougher jobs undertaken
and the tables used by less experienced crews.
The treatment capability should be standard; this
might be an excuse to bring that aspect of an
operation up to speed. If everything else is done
well it will not be needed very much anyway.

A most necessary step, in my opinion, is to
consolidate, examine, analyze, and if appropriate,
report, the results of the at-sea use of new tables
and procedures.

Bring out the brass plates
It soon should be time to pass the new tables

around to others, but is it ever right to engrave
them in bronze? In my opinion tables should be
printed on rice paper in disappearing ink. The
main point is that they are never regarded as
finished; there may at any time be a need for a
change. Changes may be operational as well as
physiological, but there is no need to restrict a
dive operation to tables that do not fit the opera­
tion; instead, fix the tables.

I am personally somewhat distressed, and have
been for years, at the bad name the tables for
surface decompression with oxygen have in the
north sea. These tables do need improvement in
the deeper end, but the ~ of diving is not
necessarily at fault. The Shields Report (Shields
and Lee, 1986) shows clearly that these tables are
used much more often in the deeper, longer range,
so no wonder they have more problems. But why
stop using this safer type of diving, why not fix the
tables so they can be used reliably? (Andre
Galerne just told us one way to do this.)

Moving ahead with the provisional step
As you have heard and will hear more, it is

considered that if a diving company in Jones Act
Country uses any tables but those of the US Navy
then lawsuits are guaranteed. We cannot do much
about the legal climate that leads to this, but there
ought to be some way to improve decompression
tables. In preparing for this workshop I asked a
diving company executive how to get new tables
into use and his answer was, "Do it outside the
USA."

If this workshop does not accomplish anything
more, I would like to get the concept ofprovision­
al use acknowledged, accepted, approved, agreed
upon, or somehow made useable.

Therein lies a story. Several years ago my
colleagues and I prepared some state-of-the-art
deep belllbounce tables for a diving company. We
sent them out labelled "provisional," with the
comment that they should be so regarded until
their operational people had shaken them down
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with regard to operational details. To prepare
the tables we had conservatively recomputed and
revised the format of an older and well established
set of tables that had been in use for several years.
For a variety of reasons both operational and
physiological there was a tough case of DCS. The
plaintiffs attorney zeroed in on the fact that the
contractor was using "experimental" tables. He
even asked me if they had been tested on animals!
The case settled out of court so I did not really
find out how serious this would have been in front
of a jury.

We are not primarily concerned here about
the bizarre legal problems of commercial diving in
the US, but our client NOAA and others of you
here need the ability to get new tables. Some­
times this is for improved reliability, but more
often it is to be able to use some new equipment
or do a task that just was not thought of when
USN was doing its table development. These
things have to go through a provisional stage one
way or the other. Lets make it legal and proper
to do it on the job in small steps. To do this we
need agreement by various agencies and a consen­
sus of the experts in the field that this is the
appropriate way to proceed.

Summary
At some point, either after some developmen­

tal chamber dives or by conservative modification
of established procedures, it is necessary to begin
using new decompression tables in the water. This
should be done by taking careful small steps, using
new procedures at sea under somewhat controlled
conditions, always with the capability to treat DCS,
and with good supervision, documentation, and
feedback. This provisional step needs to be ack­
nowledged by all as not only beneficial but neces­
sary.
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DISCUSSION AFfER DR. HAMILTON

DR. HAMILTON: I would like to end by asking
a question of Jim? How do we go about doing
this?

MR. SUTTERFIELD: Bill was talking about
having an informed consent form signed. I think
that an informed consent form is an excellent idea;
however, make sure that you disclose everything.
The thing that is much worse than having a form
is having a form that is not complete, because if
there are some risks that you do not disclose, you
are automatically going to get nailed. So, just
make sure that you do; there is nothing wrong
with disclosing all the risks. If someone is serious
about undertaking it and if it is the proper step
where those tests should go forward, then I think
you will get people to do that.

DR. ELLIOTT: It was good that you excluded
conservative development of new tables from this
discussion, the development of new tables. I think
that is very important to distinguish.

We know very well from previous efforts that
there are collaborative research projects where
there was no single budget holder, neither the oil
industry or the diving industry. Therefore, if the
developed table is to be non-proprietary, who is
going to pay for the development?

On your chart there was a sharp intake of
breath when you said 12 dives and then you could
do something. I think you will find that the discus­
sion would focus on that. Please, could you answer
the first question?

DR. HAMILTON: You mean who is going to pay
for it? Jan Merta (Canadian Oil or Gas hands
Administration) will pay for some of it. I really do
not have the answer. Shell, maybe?

DR. ELLIOTT: No. There is no single budget
holder in the oil industry.
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DR. HAMILTON: That is right. And particular­
ly now and in the next few years, we cannot
expect to have a lot of money. Which is why I am
asking for procedures that involve modest labora­
tory steps to eliminate the disasters, and then go
carefully into the field. This is paid for by the
client who needs the work. It costs a little more
to do. The company has to absorb the records
keeping task, the analysis, and a few other things.
The only way that you are going to make sure that
something that is new works is to go and use it.

As for issue of 12 clean dives, here is the step
between a development program and a validation
program. If you do a development program and
have your criteria set up and everything and you
can do a dozen dives that are good, then it is safe
to use those provisional procedures in the field.
But, the number 12 was put up there to spark the
discussion.

DR. LAMBERTSEN: To keep a focus on what
we are talking about, look at the word, "table." A
table could better be called a "procedure." Then,
it could be called a "set of procedures," because a
table is one episode for one kind of dive and then
that dive is over. That is a table for that dive.
A set of tables is many of these.

When one talks about how much investiga­
tion--not numbers, we are saying how much inves­
tigation--is required to evaluate a diving procedure,
one philosophy goes with one kind of diving as
opposed to the many other kinds of diving. You
may be dealing with many hundreds of diving
tables for a given procedure. You must evaluate
the whole procedure or you will not know whether
or not that table fits inside of that whole proce­
dure. Let us not start worrying about how many
numbers one needs for something without seeing
what it is we are talking about evaluating.

That includes the short and the long, the deep
and the shallow, in terms of evaluation, because
unless it all fits together, then it is not a rational
set of procedures.

CAPT THALMANN: Two things. One, it ap­
pears Bill has drawn a safe flow chart that we use
to develop tables already. So, what is new?

Being coldly objective, so this should not be
taken personally, I mainly see the individual--from
your standpoint--is spreading out the liability.

Let me give you an example. When you start
out with a novel table like the Constant Partial
Pressure Table, where there is no data base to
start with, you need a large dive series to find out
where you are before you can go out in the field.
In another case, the U.S. Navy was faced with a
unique diving operation that required long, shallow
multilevel dives, for which the Diving Manual was
absolutely unsuited. A procedure was put togeth­
er, approved and put out into the Fleet without
one man dive ever being done. Even though it
was an absolutely unique procedure, it was totally
based on accumulated experience. So, even within
the confines of the U.S. Navy, some procedures
are put forward without any testing, as long as the
individuals agree that it is well within the realm of
experience. You can make a judgment to decide
whether or not that experience is valid. But the
Navy is also willing to accept the liability for that
decision. In other words, if things go wrong, they
assume responsibility and have the mechanism for
following up on it.

I think what your procedure is trying to do is
maybe to take a smaller organization that may
have a very large exposure and somehow get out
a procedure which will spread the liability, because
the logic to your procedure is very well founded.
That is how it is done, except in the Navy, which
has the ability to accept its own liability. A small
diving company may not be able, in and of itself,
to assume all of the liability, so then you hope that
a consensus of experts will somehow absolve you
of that. I wonder if our lawyer could say if that
is really of any help?

Does the fact that a bunch of experts agree
that it is a reasonable procedure in any way
change the liability?

MR. SUTTERFIELD: Well, it certainly would
knock out a claim for punitive damages, I would
think, and I think it would mitigate the damages
you have because you are acting totally responsibly
and you have leaned on the best minds possible
that you could find to do the right thing. It may
very well walk you out of the courtroom free and
clear.

As for risk, generally that is what the insur­
ance industry does, it spreads the risk. So, in
effect, they are spreading the risk; however, it is
not spread as thin as it perhaps could be.
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CHAIRMAN SCHREINER: At this point, I
would like to make a belated introduction to you
of the gentleman to whom this organization, this
group around the table, owes its existence, having
been convened in this manner. This is Mr. Elliott
Finkle, who is the Director of the Undersea Re­
search Program of the National Oceanic and
Atmospheric Agency, NOAA.
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Elliott A. Finkle
Director, Office of Undersea Research

National Oceanic and Atmospheric Administration

Page 83.

MR. FINKLE: Thank you. I am really impressed
with the group we have here today.

Let me give you an example of why I wanted
to sponsor a workshop of this nature. Something
happened a couple of years ago. A Federal agen­
cy gave a grant to a university that computed a set
of tables for exiting from an emergency recompres­
sion schedule.

I happened to be on the board of that prog­
ram and when I saw that these schedules were
being printed and distributed, I asked them how
they could do that. I said, "Well, who validated
them? Who said you could send those out? You
just cannot do that."

Anyhow, to make a'long story short, one of
the people who got those schedules used one of
them. I had asked him not to use it, but he did.
The nurse who was in there performing a 6A or
whatever exited under those tables and got bent.

So, I said to myself, "There has to be a way
where we can validate tables before anybody can
just put them out in the community." We need
something that, for a new table, says somewhere
that experts have said, "That's a good table. Let's
use it."

The other reason is, of course, that NOAA
publishes tables in its NOAA Diving Manual. We
have just developed a new set of tables that Bill
Hamilton developed for us, and we are going to
publish them. Even though they are developed,
the tests done and they seem reliable, there still
has to be a way of validating, of saying, "Hey, let's
use those tables." That is the reason for the
meeting today. I appreciate you all coming to it.

CHAIRMAN SCHREINER: Thank you for your
comments. Maybe CDR Hobson would comment
on the point that was just raised.

CDR HOBSON: What Bill Hamilton is proposing
is in some way being done by the commercial com­
panies. It is also the approach that has been
taken by the Navy. It is an attempt to coordinate
it at perhaps a somewhat higher level.

I also heard the sharp intake of breath on the
12 dives, but I failed to realize the development
program. You really did not say what your
development program is. If you do 20,000 dives
in your development program, after 12 dives you
can say, "Go for it."

Anyway, if you shift and get these new tables
for commercial purposes out to the field in a big
hurry, then that is going to put a larger onus on
the commercial operators. Now, instead of going
out with a set of tables that they feel fairly well
confident with because somebody has done some
work on them, they are just introducing them and
checking on the introduction. Now they are doing
the validation. That is a whole different process,
because you have to control a lot more of the
factors to do a proper validation of these tables.
You have to virtually build a team and set up a
program to look after this specifically, if you are
going to do it correctly.

If you are going to take the onus away from
the people who developed the tables and put it
onto the contractors with the hope of getting them
out there faster, especially on a new development,
that is all very well and good. But I do not think
the commercial people are k~en on setting up a
validation team that is going to go from platform
to platform to station to make sure that these
things are introduced correctly and that the valida­
tion procedures and the reporting and the data
recording are done to a standard that somebody
can accept, especially--if as we have already
heard--they are skeptical of how the militaries and
research institutes do it.
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MINI-PRESENTATION: U.S. NAVY DIVING PRACTICE

CAPT Dick Garrahan, USN
Naval Sea Systems Command

CAPT GARRAHAN: Yes, like LCDR Hobson diving world, if you will, pretty much are using the
I am not a doctor, and like Dutchy I am an opera- U.S. Navy Decompression Tables. The very first
tor. I came in the Navy in 1956, went through question that came out was: Why are we not
dive school in '59, and have been in an active testing decompression t,ables properly? Is it money
diving billet ever since. In regard to the U.S. or is it inexperience?
Navy Decompression Tables and their validation, On behalf of the Navy, I feel that we, the
I think Dr. Harvey and Dr. Thalmann have pretty Navy, are properly testing and validating our
much covered that area. We do maintain a re- decompression tables.
quirement to have our people dive in accordance In response to the statement that Navy de-
with Navy-approved diving tables. That is because compression tables for shallow dives are inad-
we have a number of different types of divers out equate, i.e., 4 to 6 hour dives each day, dive on
there, from scuba to saturation to the rescue/sal- the weekend and get bent on Tuesday. We, the
vage dives, etc. Each mission has a particular Navy, routinely dive shallow dives 4 to 5 hours
scenario, and therefore decompression tables are daily with both our underwater construction teams
tailored to the decompression needs of each com- and Special Warfare units and find our tables to
munity. be quite adequate.

You know, we realize that not all of the In response to the comment that the Navy
tables are perhaps as reliable as we would like does not decompress in accordance with its own
them to be, but they are very good sets of tables, tables, because the master diver states he has
we feel. We do not authorize nor do we accept never dived to the exact depth and exact time on
any tables that have not been validated. As a very the decompression table, I say, please do not take
quick example, we had a young lieutenant recently his word as gospel. I believe the majority of Navy
who felt that the residual nitrogen timetable in the diving commands are diving in accordance with the
Diving Manual was not adequate for his particu- dive tables as they are written.
lar command. He developed his own and signed Regarding technology exchange, everything
his name to it and promulgated it to his under- that the Navy has in the Diving Manual is free.
water construction team unit, all without his CO's It is available to anybody that wants to procure the
knowledge. Needless to say, that was a very Diving Manual.
embarrassing lesson for that young lad. Unlike the Navy, where we have a central

As another example, I just received this week agency or organization that is accountable and
a set of tables from some civilian, who I believe responsible for maintaining and updating decom-
had pretty much extracted them from the Navy pression tables, it appears that the civilian COffi-

Tables, plasticized them, patented them and is munity does not have that organization. I am glad
selling them in the scuba shops. He sent them to to hear the question brought up of who would do
the Navy asking if we were interested in buying it? It appears to me that the civilian community
them. I looked at them. His range of operation does need to look into that.
was 40 feet for 200 minutes to 140 feet for 20 We are encouraged by this meeting. We are
minutes. These were repetitive dive tables, by the anxious to have the civilian community put as
way. We know the Navy operates at 40 feet for much time and money into validation of their
300 minutes, 190 feet for 40 minutes, repet tables. decompression tables as the Navy has put into
So, we said, "No, thanks." theirs. One sad fact of life: We have found out

Four quick comments in regard to what we very recently that there is no Santa Claus, and so
have been discussing today. We started the pres- we have taken on programs--joint programs-- with
entation this morning by indicating that we, the the Canadians and the UK in an effort to join our
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assets and our funding. It appears that the recom­
mendation is that you folks need to develop a
similar type of program.

DISCUSSION AFfER CAPT GARRAHAN

DR. BENNETT: Yes. I thought the plan for
validation really was very similar to the sort of
thing we have done at Duke in table testing, as
Bill Hamilton knows, although we certainly
changed from the 12 and went back to 30 in terms
of number of test subjects.

I became concerned as I heard the question
as to why should a commercial company, for
example, change what it is doing now? It is quite
happy with what it is doing. It is getting down to
whatever,0.3-0.4%. Why should anybody want to
use this, other than perhaps the government?

Now, if Elliott Finkle (NOAA) wants to
produce tables, is it not possible, then, for him just
to say, "This is going to be a validation method.
We are going to come forward with a list of things
to be done and if anybody puts tables through for
testing, this is how it will be done."

Then you come to, "Who is going to pay for
it?" We have been hearing again and again that
there is no money.

So, I keep coming around in a circle with this,
again and again, as to where we are really going.
We can come up with a plan for validation. We
can say we are going to do all of this, but unless
some funds are there, we are going to have
trouble doing it. Even if we do do it, we are still
going to be faced with the legal issue. I have
great faith in the consensus around the table, but
I have no faith at all that it would stop somebody
from jumping in and suing you as soon as they
thought they had a case.

The whole problem of validation of decom­
pression tables is a very, very difficult one in the
United States today. We have to think very
seriously about how we can attack those two
particular areas: the financing is one, and the
legal issue is another. If we do not do those, we
can write anything we want in gold plate, but in
my view it will not in fact solve the problem.

CAPT HARVEY: I wish I could argue with you,
but I know you are right Peter.

What Bill Hamilton proposed when I worked
with Dr. Lambertsen he allowed me the privilege
of going out to sea to work with neon diving
tables developed by Dr. Hamilton's lab at Ocean
Systems. We first checked out some neon dives
in the lab. But then Ocean Systems did something
that really, I think, sort of protected them at that
point in time.

Number one, they trained the diving team
that was going to try the thing out, very carefully.
The supervisors were carefully briefed; the team
was carefully chosen. They provided a doctor, in
this case myself, that was thoroughly briefed on
what we were going to get into out there, and we
had contingency plans well in mind. They set up
good radio links, good chambers, dove in a good
situation aboard a ship with adequate treatment
facilities. What I am saying is, they did their
homework so that when they went into the sea
they were ready. We did have so~e decompres­
sion sickness and we found some limits in the
operational situation that were worse than I, at
least, had anticipated.

They did their homework. They set the thing
up, put it out to sea and tested it. In spite of the
decompression sickness, we came out of it okay.
There were no lawsuits. Homework and careful
preparation for the at-sea trials is a part of your
key. You can not just trust diving teams because
they are trained in diving to be adequately pre­
pared for the sea trials.

DR. YOUNGBLOOD: Well, there was one more
audible gasp that went out, I think that Dr. Hamil­
ton has either been extremely fortunate or has not
observed some other people's problems, because
while it is very rare, I disagree, regretfully, with his
statement that catastrophes do not happen. He
did not actually say that. In experimentaldevelop­
ment of decompression profiles, decompression
sickness sometimes occurs that does not respond
even to the most immediate treatment, and it can
leave lasting ill effects. I think several of us have
seen that.

LCDR HOBSON: I would just like to throw this
out just for consideration. Sitting on the fence
here, sort of a neutral between the U.S. Navy and
the commercial interests, I find it very interesting
to find on one side the commercial interest, saying,
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"We have great problems with the USN Tables."
The scientific people saying, "We have great pro­
blems with the USN Tables," and the USN stand­
ing up and saying, "You're nuts. We have no
problems with these tables."

I go back to Dr. Thalmann's question: What
is the difference with the USN divers, then, be­
cause our basic research that led into the DCIEM
'83 models said, "There are problems with the
USN Tables."

The other thing that was brought up that I
think is very important is that the USN, CAPT
Thalmann, complained about not getting any
feedback from the commercial side and from the
other university research sides. I think that is a
very valid point. The last research done was
perhaps in 1940, or whenever these tables were
finally finished. There had not been any follow­
on since then, but there have been a lot of new
techniques developed, people are looking a lot
closer.

One of my best analogies when I give my
standard dog and pony show, is the 11th Com­
mandment, written on stone. "Thou shalt not
defile the USN Tables." Because people have
assumed they were created in perfection, they were
done perfectly. That is not the truth. But what
should be happening is, the navies have the re­
search facilities, they have the capabilities, they
have the proven procedures, they have the will,
but they evidently do not have the mission. I
mean, the surveys show all the diving is done
shallow. They have these deep procedures but
they do not use them. People who were using the
deep procedures are complaining about them, and
that link is being missed. If anything can come
out of this, some way has to be made for the
navies that have the procedures, report writing
capabilities, data collection and all the good stuff
to take on the cases and get the data back. There
is not anybody from the Navy or from commercial
or otherwise who at the end of the day is not
intent on making the thing better for the man
going in the water.

CAPT THALMANN: Everybody involved in
developing tables was very honest about the prob­
lems with the tables. The EDU reports do not say
you are safe per see Van der Aue said there was
a 24% incidence of bends in the Navy tables.

LCDR HOBSON: Yes, but you jumped all over
Dutchy Holland when he suggested that there
were problems with the USN Tables.

CAPT THALMANN: No, I did not. I said,
"What's different about Navy divers, because if
there are problems with the USN Tables, the Navy
is' going to have them as well?"

LCDR HOBSON: They do not dive them.

CAPT THALMANN: They do dive them. It is
not true that they do not. The USN, I think, is
its own worst critic, because they have spent a lot
of time and effort going back and relooking at
their own tables, within their capacity.

Now, when we say that the Navy is not having
problems, it is because for the dives they are
doing, they are not having problems. If all of a
sudden the Navy was having to dive to 350 feet on
helium and do it regularly on a mission, they then
would have the mission to look. at those tables.
The U.S. Navy has a mission to look at long
shallow multi-level dive tables right now.

LCDR HOBSON: What I would suggest is that
the indication of problems is here. When do you
want to find out that you have problems? When
you have to go out and do the mission? That is
not the time. If there are indications out here
that there are problems in those areas, then per­
haps you should be looking at those, because when
push comes to shove, and all of a sudden you have
to go out there and do it, that is not the time to
find out you have got problems?

CAPT THALMANN: Okay. Let me just close
with a story. There has been a lot of talk, for
instance, about special tables for sport divers. The
most besieged part of the Navy tables in that
regard has been the no-decompression ones. I
have heard individuals get up and say that these
no-decompression ones do not apply to sport
divers because U.S. Navy divers are somehow
different and they were tested differently and
whatever.

Okay. We have, within the last 12 months,
gone back and done another 200 dives on the
No-D tables and once again they have come up
absolutely clean.
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So the people doing the dives do go to the
leaders and they do listen to what people say, but
when the Navy says they are not having problems
with the tables, it means their experience with
their procedures satisfies their particular need.

Now, Tom Berghage's analysis says that there
is a 1.5% incidence of bends when using the Navy
tables. Now, Dutchy Holland says that is inade­
quate (too high). So, he has problems; the Navy
does not. The Navy is willing to say that a 1.5%
incidence of bends is within their mission. I am
not going to say it is not a problem, because you
have to look at what kind of bends they are. But
when a commercial company says, "No, no. We
can not have 1 bend in 10,000 man dives. It's too
much." Then I would say that it is probably not
from a physiological standpoint, it may be from a
monetary standpoint.

LCDR HOBSON: But you have admitted that the
only reason that it is 1% is because of the large
bulk of short shallow dives that draw that down.
When you went into the critical areas, those three
or four rough profiles, you were running at 3 to
4%. That is in the Fleet where they could be as
much as 10 minutes out and 10 feet off.

CAPT THALMANN: I think that if anybody
. thinks that the U.S. Navy thinks its own tables are

sacrosanct he should read the EDU report that
came out in August [that takes] another look at
the air tables and read it very carefully. Look at
the tables that were the result of that study, which
are longer than the DCIEM tables (Ref. 36 in
CAPT Thalmann's paper).

The Navy is constantly evaluating itself and
does not think that their procedures are perfect;
maybe other people do. But I do not think they
do and I think they are very open with themselves
about it. If we go to a meeting and hear that
someone is having problems in certain areas, we
take that to heart and go back and look at it. We
do not live in any kind of a shell. The example
I stated; We went back and spent a lot of time
and money looking at the No-D limits because we
heard all this stuff about how awful they are. We
cannot see a problem, because every time we test
the bloody things they work.
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MINI-PRESENTATION: VALIDATION IN THE COMMERCIAL WORLD

Michael L. Gernhardt
Ocean Systems Engineering, Inc.

MR. GERNHARDT: Yes, absolutely. That was
my point.

CAPT GARRAHAN: Two things. Once again,
let me say we realize our tables are not as accu­
rate as we would like them to be. However, they
are tailored to the needs of the military.

the most conservative criteria when there were
options.

The second phase of validation is that we
tried to review the procedures and eliminate
potential for abuse. We find that in the Navy
tables this can happen a lot with such things as a
smooth transition from normal exposures into the
extreme exposures. I know of many cases of
bends that have resulted from the supervisor
having extreme exposure options easily available to
him in 10-minute increments, so that there was a
propensity--a possibility--to run over on bottom
times and maybe to try to compensate with some
ad hoc procedure that was not sufficient. Just
simplifying the instructions and the operational
complexity of the procedures reduces the poten­
tial for abuse.

The third phase that we had planned to do
parallels what Bill said: Go into a laboratory
testing phase where we would do enough tests to
ensure that we would not have a catastrophe, the
idea being to get out into the field as soon as
possible with the same controls he mentioned-­
making accurate time/depth records, using the dop­
pler, and so forth. I think this process, if we can
get through that laboratory phase with minimal
testing, reduces the cost enough to allow us to get
out into the field and get cost effective trials done
under truly realistic operational conditions at really
no great cost to anybody. Then the final phase is
the accurate data base to follow up on.

MR. GERNHARDT: All the points that I was
going to make have already been made, but I
think in light of this recent discussion here, I will
just pick up a specific example of commercial de­
compression development that I think will focus
some of the issues that have been raised today,
especially just recently.

First of all, this program has been ongoing,
but has been stopped for two interrelated reasons,
the lack of clear validation criteria, and cost.

The program involved developing decompres­
sion procedures for working at multiple depths on
platforms. The Navy procedures for this were
unacceptable to us for a number of reasons.
Firstly, there would be a requirement to do sur-d/­
O2 at 70 feet, and the big gain for us is to get
shallow on the way. We are actually off-gassing,
and continuing to do useful work.

Secondly, the bottom times imposed by the
repetitive group letters are restrictive and only
applicable for inspection work, as opposed to
construction or maintenance work. And thirdly,
the procedures themselves are too complicated for
the average diver.

So for this reason we tried to redefine a
whole new matrix of time/depth profiles, and we
undertook a development process. I will kind of
step through what we had in mind, just as a soun­
ding board.

Basically, the process involved a comparison
of the procedures that we desired against the
classical Haldanian models, although we felt these
would probably be unacceptable for those time and
depth limitations. Nevertheless, they provide data
points that we knew we had to be more conserva­
tive than. It also involved a comparison to a
number of decompression tables with proven field
results for which we had specific records. This was
all done in conjunction with the University of
Pennsylvania where we had access to very well
kept records and specific incidences of bends.
Finally, we cross-referenced a newer model of gas
bubble dynamics. We analyzed the things at
different points in the profile and always selected
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CAPT GARRAHAN: When you indicate that
they are unacceptable to you folks because of your
sur-d requirements or to get the guy on deck so
you can move the barge, et cetera, et cetera, that
is your problem.

MR. GERNHARDT: That is exactly what I am
saying.

CAPT GARRAHAN: When you say there is an
option to slide, if you will, into extreme exposure
tables because they are there, again, that is your
problem because in the Navy extreme exposure
tables require specific authority from the com­
manding officer or higher. So, you know, you are
talking apples and oranges.

We, the Navy, the EDU, does not get money
from the commercial industry to develop and
validate tables.

MR. GERNHARDT: I think my point was not so
much that the Navy tables are bad. I think it just
reiterates what you said. The specific operational
requirements and abuses that occur in the com­
mercial diving industry are different from the Navy.

CAPT GARRAHAN: But they are a result of
your operational requirements, and not the tables
that the Navy has developed.

MR. GERNHARDT: I think that is safe to say.

CHAIRMAN SCHREINER: I think Mr. Gern­
hardt has appreciated that, really. It was unfor­
tunate that it was perceived as criticism. It was
really not. I think the semantics of it should have
run that the tables that the Navy provides are not
appropriate for his mission.

MR. IMBERT: I would like to defend the U.S.
Navy tables. As you know, at the commercial
work site they may dive the exceptional exposures
as a routine procedure every day for 45 days.
They do repetitive diving using surface decom­
pression. So, no wonder that they achieve bad
results. We should be more specific in saying that
the U.S. Navy tables are bad or good. In fact,
they are very much like what the computer does,
the same time or the same people with the same
knowledge and tables here. If you take the U.S.

Navy inwater decompression tables, they have
exactly the same results as French tables--pretty
good when they are shallow and not too long. But
in the deep and long range they have 1% or 2%
DCS, which is equivalent to any of the other
tables presently available.

What is difficult nowadays is to achieve safe
surface decompression for long and deep dives.
That is where a lot of the trouble is coming from.
That is where the bad reputation is. Believe me,
there is no easy solution to that. I do not know
any tables that can achieve reliable and safe results
for that situation.

Now, as to what should be acceptable or not
acceptable, I think that one should be very caut­
ious in examining the data for use by the different
data banks. It is extremely difficult to get the
information from the work site. It is no wonder
that in the laboratory you get better accuracy and
a higher incidence rate. From offshore, we only
get reports. We may have rumors, commands,
Telexes, investigations, etc., but we are far behind
the actual way the decompression was done. We
are optimistic, we recognize it. There is a lot of
difference between the data that has been presen­
ted in Tom Shields' report and the data that you
present today and the ones we get. We have the
range from 0.5% to 2% to 5%. So, we should be
more cautious about the protection of data. Also,
we should be more specific when condemning the
U.S. Navy tables.

CHAIRMAN SCHREINER: Thank you.
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DR. KINDWALL: I would like just to make a
few points to try to keep us focused. On the
validation of tables, our laboratory was faced about
two years ago with developing a set of new decom­
pression tables for compressed air tunnel workers.
Not having the ability to use a "validated model,"
we had to validate it in another way. It was handy
that we have computers, because using Peter
Edel's computer in New Orleans with a memory
of 15 years of successful and unsuccessful dives, we
kind of asked the computer to paint a curve that
was representative, more or less of successful, or
what we would predict to be successful, dives.
This was based on previous dives, successful dives,
not necessarily a model; but a "16-tissue" model
was then used to flesh out the points in between
the data.

This is one way to get validation before you
risk getting sued later on. Now, following this
empirical approach, I would like to just put in a
point about the use of tunnel schedules as a tool
for all of us. I think their use may not have
occurred to some in terms of data gathering. All
of us, diving and tunnelling, are concerned with
gas movement in and out of the body. It is all the
same thing, really. And, divers often decompress
in air or in gas, not always in the water, just as
tunnel workers do.

Additionally, air is poorly understood because
we are still playing with air tables. The main
problem with all of these is the long deep tables.
Everyone says, "Well, that's where you always have
the problems. The short shallow table is no
problem."

That indicates that the model is still imprecise.
We get along fine, until we go deep and long,
then we have a problem. We have a perfect
opportunity with decompression tables of tunnel
workers to study the longest possible times: Seven
hours exposure per day at 30 feet. That is done
every day of the week. You have a beautiful
opportunity for very long exposures, to find out
what is really going on in the body.

MINI-PRESENTATION: DECOMPRESSION IN TUNNEL AND CAISSON WORK

Eric P. Kindwall, M.D.
Director of Hyperbaric Medicine

St. Lukes Hospital, Milwaukee, WI

All of the tunnel tables fill the envelope
completely. Navy dives are often bounce dives or
spot dives. They do not necessarily fill the table
time. "Well, I got away with a 100 foot for 40
minute dive. No problem." Except that it was to
not quite 100 feet for not the full length of the
table dive and so forth. It is always true. Every
day. The tunnel/caisson records are superb be­
cause they are scribed on a little revolving recor­
der by law in every state, so you have a beautiful
solid example.

The tunnel exposures are also never greater
than four-foot increments. There is a brand new
schedule for every two pounds (psi). So, it is not
the case of only a tenth of the dives being valid.
You are pushing it right up to the pound, every
single day. You can bet that the company is going
to hold down to the minimum--if you need 14
pounds, they will not do 14.5. They will hold 14
and take the water if they have to. So, they push
every table every day.

And vast numbers can be accumulated. For
dives we are always talking about, "Well, we got 12
successful dives here. Maybe that's okay." How
would you like 3,700 man decompressions from
just 22 pounds? We have got that data.

Conditions are identical for every pressuriza­
tion. Divers work in the water. One guy fights
the current and the other guy does not. Tunnel
workers all do about the same kind of work. This
is superb data in that sense. And the temperature
is a constant 54 degrees year round, unless you
are concreting and then it gets a little warmer.

There is one disadvantage in that, unfortu­
nately, all the data from these tunnels are for
habituated "divers." These people are totally habit­
uated (i.e., "worked up") and you are not going to
see the virgin diver, it is an impossibility.

Finally, another disadvantage with them,
tunnel workers historically have been very stoic.
The only way to get a true bends incidence out of
them is to ask them to report anonymously, be­
cause if they report bends, they know they will be
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recompressed too much and tossed off the job.
But you can by anonymous reporting get a very
good idea of bends incidence.

One final point. I have tested tables the old
fashioned way, bending people, bending myself.
The problem now is formidable because of an
Australian paper presented at Kobe in Septem­
ber.* There was a prospective study; 30 divers
were looked at, all came in to be treated for
bends. Twenty of them were neurologic hits;
these were tossed out, and we looked at the 10
people who had pain-only hits. These were neuro­
logically negative. They were treated adequately
(the Australians do a good job with that sort of
thing). Then they were followed up a week later
and a month later, using psychometric testing,
cortical evoked potentials, EEG's, CT scans and
repeat neurologic exams.

At one week--pain-only bends--60% had
aberrant psychometric testing, dropping to zero at
one month. Forty percent had abnormal EEG's
at one week, dropping to 20% at one month.
Cortical evoked potentials were unchanged; there
were no disturbances. One of the ten had an
abnormal CT scan at one week. Two had abnor­
mal CT scans at one month, showing brain atro­
phy.

At this point, we can not distinguish between
Type 1 and Type 2 bends. I think that table
testing the old way of looking for bends should
cause us to be very careful about doing this to
subjects. I hope Dr. Weathersby is going to help
us out here so we do not have to do it the old
way any more.

*EDITOR'S NOTE: The reference by Dr. Kind­
wall is given below. The published paper includes
more and slightly different data from that quoted,
but the conclusions are intact.

Gorman DF, Edmonds CW, Parsons DW, Beran
RG, Anderson TA, Green RD, Loxton MI,
Dillon TA. 1987. Neurologic sequelae of
decompression sickness: A clinical report. In:
Bove AA, Bachrach AJ, Greenbaum U If.,
eds. Underwater and hyperbaric physiology IX.
Bethesda, MD: Undersea and Hyperbaric
Medical Society.
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CHAIRMAN SCHREINER: At this point, it is
my assigned task tentatively to assess what has
transpired today. I would like to modify this task
a little and tell you what I think I heard. Since
there is not complete agreement on everything
that was said, it is entirely likely that these re­
marks may cause somebody to feel I did not
reflect his views. Please bear with me.

I think we clearly showed, unfolded for all to
see, the complexity of what I call the dive en­
velope. The dive envelope goes beyond depth,
time, gas or gases. It involves the operational, the
environmental situation. For example, the situa­
tion ensuing with diver heating versus no diver
heating or the habituated versus the non-habitu­
ated individual. It is subject related. The dive
envelope reflects a very large number of variables.

In addition to that, there are exceptional ex­
posures that require emergency responses or
emergency procedures. We have heard about high
stress diving which may call for extraordinary
decompression procedures.

Basically, though, the state of the art, as it
unfolded today, is based on a fairly massive body
of experience, going back--if you take tunnel
"diving"--about 150 years, not all of it recorded of
course. And this experience, the reporting, recor­
ding, and analysis of this experience is in an imper­
fect state. Imperfect because of what we heard
going on in the field. Imperfect because of propri­
etary consideration in the commercial world.
Imperfect, also, because we really have no sharp
end-points. We talk about DCS and we hear it
characterized as antiquated as an end point.
Maybe it is. And so then, when we record this
experience, this data base, we have to ask our­
selves: What are we recording?

As we heard, we have to be prepared to
accept that the acute manifestations, subjective or
objective, may not be the appropriate end-point
for recording a "clean" dive.

So that leaves one with the overwhelming
feeling that no matter what we do, there is an
inherent risk in diving. I think no one in this

A TENTATIVE ASSESSMENT OF THE FIRST DAY'S FINDINGS

H. R. Schreiner, Chairman

room will deny that. It becomes just a matter,
then, of minimizing this risk.

We minimize this risk, I believe, from what we
were told by taking the data base and incrementing
it systematically, incrementing it by proposing and
testing concepts with the proviso that there is a
clear scientific audit trail to the data base, that you
know exactly how and why you are taking that new
step. You take this new step, primarily because
you wish to improve the safety of, or you wish to
create new capabilities for the diver.

In any event, it would seem, from what we
have heard, that the laboratory, the chamber, the
wet pot, should serve as the place where this
incrementally added concept is tested. It is not
validated. It is tested. It is tested in a way that
involves a full disclosure to the participating sub­
ject and informed consent. It imposes on the
developer, on the person who increments our data
base, an obligation to be knowledgeable, an obliga­
tion to use good judgment, and most of all--self­
evident as it is, it needs to be said--to act respon­
sibly. I think under these conditions one can
expect such a laboratory tested incremental proce­
dure to be declared by "standards," which need to
be defined, to be available for operational testing
on a provisional restricted basis, somehow marked
as, "this has only been dealt with in the laboratory
situation," no matter how realistically the labora­
tory tried to duplicate operational conditions.

From then on, if these tables were to go to
operations, the validation of the decompression
procedure would occur operationally at sea. That
imposes an obligation to follow this experience, to
record it appropriately, to share the experience to
the extent that it is possible, so that a feedback
loop occurs back to the laboratory to further incre­
ment the data base.

When we talk about validation, it was said
that there is no definition of this term. So, I
would like to propose one. I like to think that
validation is nothing but establishing to the satis­
faction of knowledgeable individuals the opera­
tional safety, effectiveness, and reliability of a
particular procedure. This should be done accord­
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ing to standards that have been argued about
today, and cannot be resolved today, because we
cannot even find complete agreement on what the
end-point of a safe decompression procedure is.

So, I think that what we heard today repre­
sents to me a consensus of how we should move
forward, how we should link the laboratory to
operations, how we should create feedback from
operations for physiological or operational reasons,
back to the laboratory. That in itself cannot be
proposed as a format of how we validate tables,
but it describes a process that I believe most
people, all people in this room, can agree to.
That is my tentative assessment for the day.

DR. LAMBERTSEN: Please let me as
honorary co-chairman, compliment you on the
good sense of that phase of the task. I would like
to add one further thought, that it is the quality of
that whole effort that really counts. The quality
of the process you described depends on the
quality of the people who carry it out, the quality
of thought and judgment of the people who carry
it out. I believe that that is going to be one of
the followons to the kind of thought process that
you generated. How does one pull together
numbers of people who are (such as in this room)
able to think on these things, and put them to
work at it?

CAPT HARVEY: The fact that feedback has
been arranged and occurs does not mean you have
solved your problem. It means you have identified
and possibly quantitated the problem. The next
step, then, is putting a priority on when and whe­
ther you are going to correct the problem. That
comes down, again, to the basic question you
started out with: Resources, need, and time
frames in which to do it. The Navy knows we
have some things we would like to improve in our
deeper helium tables. We will get to it; but, right
now, we are not using those tables enough to use
what resources, time, and capabilities we have to
solve that problem right at this moment. That
does not mean we are going to neglect it. It
means we are going to put it off temporarily while
we do more important things. That must be kept
in mind in all of these loops.

DR. PETERSON: Heinz, I very much like your
definition of validation and I would like to get a
clarification on one point. When you say this,
"established to the satisfaction of the knowledge­
able individual," does this cover not only establish­
ing with actual dives with the procedure, but can
it also include the basis of the relationship of a
procedure to the experience available? In other
words, being able to document to the satisfaction
of a knowledgeable individual that a procedure has
been so derived from the experience base that
there is no question as to its efficacy.

CHAIRMAN SCHREINER: I think I used the
term, "a clear scientific audit trail." That is pre­
cisely what you are talking about. That must be
present, otherwise, you are not linking to exper­
ience. You cannot justify the next step, in my
opinion.

DR. PETERSON: Right. So, we can validate a
procedure with trials or with a demonstration on
paper related to past experience. As an example,
let us say that a saturation decompression proce­
dure with a linear ascent rate of a certain value
with a certain POz has been used in operational .
dives and has produced a reasonable but not
perfect results. Would anyone argue with the fact
that a slower linear ascent rate with the same POz
should be considered anything other than opera­
tionally valid, as long as the faster rate was opera­
tionally valid?

CHAIRMAN SCHREINER: Well, you know, I
cannot really take a partisan view of this because
I would not be an effective Chairman, but I would
leave this to the group. If I were temporarily to
relinquished the Chair and speak for myself, I
would say that I would like to see everything
tested, even the safest assumption, because I am
a believer in Murphy's Law. That is a personal
comment.

DR. PETERSON: Murphy's Law has not been
repealed.

CHAIRMAN SCHREINER: But it would not
require, Russ, the extensive testing other steps
might require because it is certainly a conservative
step. But I leave it to the group to discuss wheth-
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er it should be tested at all. I have given you my
personal view, but that is only one out of many
and certainly not a valid one at the moment,
because I am, as you know, in "retirement" and do
not have to live with the consequences of my com­
ments.

CAPT THALMANN: I think the best tool is just
do repeated pressure studies with the retrospecto­
scope. Of course, what Russ says is, given a set
of reasonable assumptions, would everybody agree
that they would work. Yes, if they work.

What I am saYing is, no matter what proce­
dure you try, if it is very different you are obliga­
ted then to follow it up and prove that it works,
even though it has every indication that it will be
all right. You can go through some very funny
animal studies which show the things that were
done, which everybody would have sworn up and
down was better, and then increase the incidence
of bends. So, no matter what increment you have
or no matter whether you think you are making
things safer or what, you are always obligated to
do the record keeping later on to establish that
what you did in fact is safer, even though everybo­
dyagrees, "Yes, it's got to be safer." You are still
obligated to follow it up and prove that it is safer.

DR. LAMBERTSEN: May I emphasize, again,
the word, "test." Make sure that it is included in
a response to the problem Russ put on the table,
which sounded perfectly sensible. The word "test"
means whatever that responsible or informed
group would consider appropriate for that par­
ticular circumstance. That encompasses the way
to handle this. You are not going to have a
mechanical process of equivalent testing for all
kinds of circumstances. The word "test" has to be
judged as well in terms of what it relates to.
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A METHOD FOR INTRODUCING NEW DECOMPRESSION PROCEDURES

Jean-pierre Imbert and Michal Bontoux
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ponding to dives beyond the DOEn border
line, were associated to a higher rate
of DCS incidence (1 to 2% DCS incidence).

- divers using a safety margin in the se­
lection of the table time had performed
significant safer decompression when
diving in the critical depth and time
range.

In France, in 1984, Comex was awarded a 3
year contract from the F. S . H. (Fonds de
soutien aux Hydrocarbures) to improve the
safety performances of the French 1974
official air decompression tables.

Because a large number of parameters are
involved in the safety performances of
decompression tables , it was clear from
the beginning that no:
- mathematical model,
- animal model,
- onshore laboratory manned study,
could be used to test the procedures and
that the only way to validate the new ta­
bles was to dive them in actual worksite
conditions.

It was also apparent that decompression
sickness (DCS) incidence of the air tables
presently available for commercial diving
are still relatively low (around 1%-2%
overall DCS incidence) and that a large
number of man exposures would be required
to statistically document any improvement
of the new tables over the old ones.

The Comex programme was thus organized into
5 steps (Figure1 no 1):
- evaluation of the existing tables,
- calculation of new tables,
- test of the new tables on selected work-

sites,
- modifications if required,
- presentation of the proposed procedures

to French authorities for integration
into the new diving regulations.

This paper presents this original method
used to introduce the decompression proce­
dures.

OfFSHORE
[XPERI£NCE

FIGURE 1

PlIOPOSlTION Of NEW TABLES TO
fll1NCH AUTHORITIES

2 l(ARS Of
EVAlUATION
ON SEUCTED
WORKSIlES

METHOD

The starting point of the development of
the new tables was a study carried out on
the safety performances of the French 1974
decompression tables based on a computer
processing of worksites dive reports(2).
As a complement, Doppler bubble detections
were also carried out onshore on a set of
selected tables (11, 12).

These findings were the basis of the cal­
culation of the new tables which were de­
signed to:
- remain identical to the original French

1974 tables in the range where safe re­
sults have been demonstrated,

- become equivalent to longer bottom times
of the French 1974 tables elsewhere.

Effectively, the tables displayed deeper
and/or longer decompression stops in the
critical range. It was therefore possible
to claim that the new tables were at any
moment more conservative than the former
ones, because:
- most decompression theories and models

consider that deeper and longer decom­
pression stops yield safer decompression,

- it is current practice among diving su-
pervisors to use longer table times as

corres- a safety precaution in case of difficult
Page 97.

The conclusions, which apply to the in­
water decompression technique only, were
that:
- dives of moderate hyperbaric exposure,

corresponding approximately to the per­
mitted bottom times of DOE memo no 7/86,
were associated to very safe decompres­
sions (0.1 % DCS incidence).

- deep and/or long dive exposures,

Decompression tables
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dive conditions. This procedure is clearly
described in the u.s. Navy Manual which
states that "if the diver was exceptionally
cold, or if his work load was relatively
strenuous, the next longer decompression
schedule than the one he would normally
follow should be selected."

with references such as the famous u.s.
Navy Diving Manual, this statement became
the corner stone of our approach to decom­
pression tables validation. It provides:
- an ethical basis to the problem of send-

ing new decompression procedures to work­
sites,

- a simple explanation for applying to
government authorities for the permission
to use the modified decompression proce­
dures.

Instructions

Practically, the new tables were presented
in a small manual edited as special in­
structions by the company methods depart­
ment. The instructions were said to be
designed for worksites associated with
difficult dive conditions, i.e. cold, hard
work, current, intensive diving operations,
etc ...

This procedure was aiming at avoiding ques­
tions of divers being exposed to different
decompression instructions on different
worksltes.

Worksites

For obvious reasons, the new decompression
procedures were sent only to pilot work­
sites. The following criteria were used
for selection:
- favourable legal environment and good

relations with the client permitting the
introduction of special instructions
without arduous discussions,

- proximity of the worksite or specially
well organized operation base allowing
a good feed back of information,

- high standards of professionalism among
the LST's, diving supervisors and diving
superintendents insuring that the new
procedures were correctly understood and
strictly fo~lowed,

- intense diving operations in the depths
and times related to the new tables,
providing a large volume of dive records.

As far as possible, the operational person­
nel (diving supervisor, LST's ... ) were
briefed prior to being sent on the barges
and interviewed upon their return onshore.
Weekly contacts were made by telephone or
radio. However, the main source of infor­
mation was the dive reports.

Dive reports

The dive reports are part of the Comex
internal reporting system and include three
sorts of document:

- the diving report which contains the
basic information on the dive parameters.
It is primarily a working document used
to keep a good record of all operations.
It is also a contractual document between
the diving contractor and the client,
that serves to control the work perform­
ed. It is finally a legal requirement,
the report being used as the only refer­
ence in case of emergency or accident.

- the chamber log which is filled in when­
ever a deck chamber is operated. It
contains all the information relevant to
ambient parameters controls, during nor­
mal dives, but also all details of the
treatment in case of DCS.

- the accident report which is filled in
for DCS cases.

Comex diving report, Chamber monitoring
report and Accident report sheets are shown
in appendices.

The Comex Data Bank

Whenever a dive is carried out on Comex
worksites, a copy ,of the dive report is
sent to the method department in Marseille
(the reports have carbon copying sheets
which are used for the dispatch, one for
the worksite, one for the base and one for
the method department) .

All the reports received are fed into a
computer. This computer system called the
Comex data bank.

When typing the reports in, the computer
runs automatic tests on the consistency of
the data. Tests include, for instance,
comparison of actual dive depth and time
with table depth and time, check of the
actual decompression time against correct
decompression time, correspondence of dive
depth with diving method and breathing gas,
etc .. The reports are typed in by opera­
tional personnel, who are qualified to
correct any abnormalities eventually detec­
ted.

In addition to the above precautions, the
validity of the data is checked at worksite
level. The local trends are compared to
the general results to identify systematic
errors of procedures or simply missing
reports that would bias the statistics.

Objectives

Safety was the primary concern of the
study.

Safety of the decompression tables was
measured in term of number of DCS recorded.
Any accident/incident/near misses not di­
rectly related to decompression procedures
was rejected.

The accident reports were checked by the
safety officer, the medical department and
the method department. Complementary
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information was eventually obtained by in­
quiry, interview, post accident medical
examination, etc.

Efficiency was a second objective. A spe­
cial effort was made to produce a manual
with clear and simple instructions. Back
up procedures were detailed for decompres­
sion emergencies such as exceeding the
planned bottom time, impossibility to carry
out the 3m stop due to worsening sea condi­
tions, oxygen supply failure during oxygen
stops, etc. Efficiency was measured from
the comments of the project managers, div­
ing superintendents and supervisors who
learned to use the possibilities of the
tables and reported on their practical
and commercial consequences.

RESULTS

Operations

The validation of the new procedures took
place from 1985 to 1986.
The instructions were· sent to selected
worksites around the world: shallow long
tables tested in the Persian Gulf during
welding operations not exceeding 24 mSWi
deep tables were implemented in Burundi,
for the installation of fresh water lines
for Bujumbura CitYi surface decompression
tables used in North Sea inspection opera­
tions ...

DISCUSSION

The method used to introduce the decompres­
sion table is not new. Even if the process
is reluctantly admitted and rarely pub­
lished, it is the simplest approach to
improvement of decompression tables. Most
of the diving contractors have used this
empirical method to develop their own
procedures from the original U. S. Navy
Manual tables. Even at the worksite level,
diving supervisors have for long developed
similar recipes for the improvement of
decompression safety. However, it is the
first time that the method has been used
systematically and presented as the only
reasonable and practical way of developing
new decompression tables.

Potential of the method

The primary limitation of the method is
that it only provides improvement over
former decompression tables and that there
is no room for drastic change or new ideas.
Using this method, we are bound to
"Haldanian" decompression procedures for­
ever! However, it must be recognized that
the method allows for some innovation and
that the work done for the new French ta­
bles has at least documented the fact that
deeper stops are associated with safer
decompression.

TABLE l a

Dives recorded after two years
of offshore evaluation of the new

French Air decompression tables

Tables Number of Number of
man x dives tables used

Air Std 124 4
Standard

Air/oxy 814 55
at 6m

Air/oxy 573 40
at 12m

Air 627 52
Surf D

TOTAL 2138

aThis table summarizes the results obtained
in January 1987. An estimated number of
1,000 additional diving reports are still
waiting to be treated by the computer.

The second limitation is that the method
tends to produce non-optimal decompression
schedules. As the basic assumption is to
promote longer decompression, it is impos­
sible to consider shortening decompression
stops for schedules jUdged too conserva­
tive. In that case, information should
be obtained from a complementary source.
In fact, the problem arose with the 1974
French tables for the no-stop decompression
limit which was considered too restrictive.
To slightly extend no-stop limit, reference
was made to the data published by the DOE
on UK North Sea operations (2), which
clearly documents that the U.S. Navy no­
stop decompressions are very safe.

In any case, these short comings are well
counter-balanced by the capacity of the
method to produce large volurnes of data and
to allow statistical analysis of the re­
sults.

Time required

As Comex has an international activity, the
possibilities to use the new tables were
numerous. However, it took two years be­
fore sufficient information was gathered.
The difficulties did not arise from legal
or commercial constraints but rather out
of the criteria for selection of the work­
sites. The list of worksites operating
in the "interesting range," providing good
feedback of information and control of
procedures, appeared relatively short. It
must be admitted that even for a large
diving company, the process is slow.
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Divers acceptance

Divers acceptance was good. The reason
being that they are used to such modifica­
tions in case of difficult dive conditions
and that they merely considered them as
"Jesus factors." They even treated our
new tables, which we consider as lila cr~me

de la cr~me," as modified U.S. tablesl

Quality of the information

The Comex system of computer processing of
diving reports was set up in 1974. Similar
systems are known to be run by the U.S.
Navy (5), the Canadian forces (6) and the
University of Pennsylvania, but until 1983
it was the only example of a data bank cov­
ering commercial diving operations. The
only recent equivalent is the system pre­
sently commissioned by the DOE to Dr.
Shields for North Sea diving operations.

Besides the volume of the information, the
nature of the operations (military, scien­
tific or commercial), what really charac­
terizes a given data bank is the accuracy
of its data. A lot of time and effort
must be put in checking the quality of
the information and the success depends
on two conditions.

The first condition is to have the authori­
ty to impose the diving report system.
Operational personnel just hate paper work
and a lot of incentive is required to get
good feed back of information. Governments
have legal means of pressure, a diving
company pays its personnel, but a univer­
sity, for instance, seems helpless. At
Comex, we used a combination of negative
actions (angry notes to worksites, warn­
ings, ... ) and positive actions (personal
listing of dive records, safety records,
... ) until the system was recognized as
useful for everybody.

TABLE

cient diving form. The first diving re­
ports designed by Comex looked like news­
paper and they were far too complex to be
efficient. In fact, a lot of information
jUdged irrelevant or time consuming on
the worksite was just not filled in. Se­
veral modifications of the report were
proposed until we came to an acceptable
compromise between what we would like to
get and what diving supervisors would ac­
cept to fill in.

Started in 1974, the Comex data bank has
been considered as reliable and fUlly op­
erational since 1976. Results published
(2) have shown to be in good accordance
with other pUblished statistics (1, 4, 5)
and we believe that the system is a good
and reliable tool.

statistical analysis of the results

A large number of parameters are involved
in the final safety performances of a set
of decompression tables. The currently
accepted independent parameters are listed
in table no. 2. Because it is impossible
to control all these parameters during a
given dive, the outcome of the decompres­
sion table has been considered as a proba­
bilistic event. Validation of a new set
of decompression procedures thus requires
recording many dives, performed by many
divers, on many different worksites. This
is for at least two reasons.

First, considering present commercial div­
ing practice, the list of controlled para­
meters reduces to:
- dive technique (in-water or surface de-

compression),
- breathing mix,
- pre-dive surface interval,
- dive depth and time.

DIVE o:J'lDITICNS ERroRS OF PRIXEIXJRE lNI'ER INDlVIOOAL INI'RA INDlVIOOAL
V1\RlABlLIT'i V1\RlABlLIT'i

- Wat~r or chantJer terrperature - Poor CXJntrol of depth (!M'!ll) - Training, Exoerience - Fatigue after travelling

- Wet suit, dry suit, or - Wrong calibration of gauges - Adaptation to narrosis . - Fatigue after intense diving

hot water suit - Error in calculation of I:ottan time - Physical fitness - Hangover. Flue

- Light or heavy w:Jrk at lx>ttom
- Selection of wrong schedule - Stroking, Drinking - Anxiety. Stress

- Up and down depth variations - Qnitted decaipression stop - Weight. fat content

- S~ll - Srortened decorpression -Age

- Current
- ~g the surface interval - Previous res history

- Visibility
- Leakage on oro-nasal mask

- Narrosis
- Wrong quality of oxygen

- Dry/~t environrrent
- 0)2 in breathing gas

- I'brk/exercise after decc:rrpression
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This means that the decompression tables
must fit all the divers, for all the dive
conditions and all the worksite procedures.
Good training, adequate equipment and sound
procedures may reduce the influence of the
other uncontrolled factors but not elimin­
ate them. It is therefore expected that
any variations of these uncontrolled fac­
tors will remain within the safety margin
of the decompression tables.

statistically, this assumption is equiva­
lent to considering the uncontrolled fac­
tors as random events of low incidence.
Then, the overall combination of all these
secondary variables has a random effect on
the final result. Such an assumption re­
quires that the number of dives studied
is large enough for the secondary variables
to be considered as centered, normal vari­
ables of -small standard deviation (7).
This is not always the case and we can
recall a diver who twice got a DCS with the
new table and who certainly introduced some
bias in the evaluation of the new proce­
dures.

Secondly, because of the random nature of
DCS occurrence, it is necessary, when com­
paring the performance of different sche­
dules, to implement statistical techniques
(7,8,9,10).
However, DCS incidence in commercial div­
ing is low. Present state of the art in
air decompression tables range from 0.5%
to 2% of DCS occurrence depending on dive
exposure (1, 2, 4, 5) and the classic sta­
tistic tools appear very inefficient in
separating table performances. Using stan­
dard comparison technique for observed
percentages, it requires about 100 dives
without any accident to show any improve­
ment over a former schedule which was used
25 times with 1 DCS occurrence! It might
be even more drastic if one DCS is recorded
during the evaluation of the new table.

The practical implication is that, nowa­
days, the number of dives required to docu­
ment any significant improvement of new
tables over the former ones is large.

Considering the 2,100 dive reports collect­
ed and the 1,000 dive reports waiting for
processing, we can rely on an approximated
3,100 dives for this study. It might ap­
pear small when compared to the 60,000
dives recorded with the French 1974 tables,
but it must be noted that:
- exposures recorded are located in the

critical depth and time range.
- a given worksite generally operated at

constant depth for almost always the same
bottom time and the dives recorded are
concentrated on small number of decom­
pression schedules.

However, even though the process of data
acquisition has lasted for two years, we
must admit in 90 % of the cases, the infor­
mation gathered was insufficient to allow

conclusive comparison of table by table.
As a consequence, when decompressions were
insufficiently documented the results of
several schedules were grouped together
into categories to allow statistical com­
parison.

CONCLUSION

Even if the method developed is relatively
limited and very slow, it appears to be a
reasonable way of introducing new decom­
pression tables because today, lengthy
and tedious dive logging is required to
document any modification of procedures.

Even though this study has represented an
effort to implement statistical techniques,
it is right to say that the exact tables
performances will be only known in ten
years from now, when tables will have been
used as standard procedures and 100,000
dives will have been recorded!
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........................................
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........................................

I I
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........................................

I I
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....................................................... I I
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.........................................
Current (Knt) O. <0,5 0.0,5 - 1 O. > 1 .................................... out I I I ,I , I

.........................................
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Table depth L..L...J..J m in I , I ,I , I
........................................
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Table Bottom time LJ.....J...J min out I , I I I , I ........................................

Water temp. (OC) 0.0-10 0.10-150.>15
Table Surface Interval l....L.J h~ in I , ·1 I I , I .........................................

BOTTOM MIX O.air O. nitrox O. heliox
Total time I I I I I I I .........................................

STOP ARRIVAL DURATION GAS
Door closed I , ...........................................
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End of decompression I I I , I . .........................................

Stand by diver LJ..J I , , I I , I I I I I , 12m I I I LJ.....J...J ...........
LST supervisor LJ..J I I , I I 9m I I I LJ.....J...J BELL PARAMETERS

I , , , , , I ..........
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P. Mix 1 bar
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Head gear ...................................... ................... P. Mix2 bar

Bail out
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, ..................................... , ................... I P02 mbar
Gas heater 0 0 0
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I I 1 I PC02 mbar

Gas reclaim 0 0
Chamber at 12 m , , ,
Surface Interval U min~ sec
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DISCUSSION FOLLOWING MR. 1MBERT

DR. LAMBERTSEN: In evaluating these tables,
did you utilize the previous information or did you
only begin an entirely new study? It sounded as
though you used the past to judge what to do and
then you went on to do a testing of what you had
done. Is that correct?

MR. IMBERT: Well, the study was organized in
several steps. And one of the first steps was an
evaluation of the 1974 French tables. We ran
tests on dive logs during the last eight years. As
for the new proposed tables, we studied special
worksites. So, the second step only concerned
specific worksites and 3,000 dives.

CHAIRMAN SCHREINER: This is a good
example of what came out of our discussion yes­
terday, which is the linkage of a data base with
operational and research information and the feed
back loop that can help us incrementally advance
decompression procedures.
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STATISTICAL PRINCIPLES USING SMALL SAMPLES, AND A NEW APPROACH

C.E. Lehner and M. Palta
Department of Preventive Medicine

University of Wisconsin-Madison

Statistical evaluation of decompression
responses can improve decompression table
development and safety. Testing and validation of
decompression tables involves several policy
decisions that affect the choice of an appropriate
experimental design. Policy decisions 1) restrict the
testing of human subjects and 2) determine the
level of acceptable risk from decompression
sickness (DCS) represented in operational
decompression tables.

Acceptable risk (1,2) plays an important role
in the decision making process that shapes dive
table development, validation and operational use.
For example, at the development stage, it will
constrain the pressure and duration of hyperbaric
exposure to maintain an appropriately low level of
DCS incidence. Acceptable DCS incidence will
also vary with the user population. Sport, scientific,
commercial and military diving populations have
different levels of acceptable risk. Another
complicating factor is the fact that DCS has three
major manifestations: limb bends, CNS-DCS
(mostly spinal cord) and the chokes (3). Each
manifestation has a distinctly different underlying
frequency distribution and each manifestation
carries a different risk of morbidity.

Methods that quantify DCS incidence should
employ an efficient testing program to minimize
cost and effort. Such a testing and validation
program will usually contain a model of DCS
incidence to minimize the number of man-dive
trials required in table validation procedures. Since
this paper addresses the use of small samples in
table validation, factors that directly affect small
sample testing will receive most attention.

INTRODUCTION ACCEPTABLE LEVEL OF RISK

Sport, scientific, commercial and military divers
may have different levels of acceptable DCS risk.
Risk perceptions (4) and operational requirelllents
will differ within these diver populations. This in
turn will determine the level of acceptable DCS
incidence in decompression procedures
recommended to the intended user group.
Secondly, human subjects being tested will often
encounter a higher DCS risk during testing and
validation programs than in the final tables (See
the Lanphier and Bennett papers in this
Workshop). Lastly, sport and scientific divers may
be more susceptible to DCS than physically-fit
military divers. These risk constraints will influence
the experimental design of a decompression testing
and validation program.

What risk will be assumed by a user popu­
lation to achieve a level of benefit becomes a
crucial factor that determines an acceptable level
of DCS incidence. For the sport diver, the risk is
voluntary, and, in this sense, it is similar to other
voluntary activities such as hunting and skiing (5).
While sport diving with compressed air is a
voluntary activity that entails perceived risk, we
believe that sport divers would generally choose
dive tables virtually free of DCS risk. An
acceptable DCS incidence in this population might
range from 1/1000 (0.1%) to 1/10,000 (0.01 %) per
dive. Many sport divers who follow the U.S. Navy
no-decompression air tables (6) routinely use ad
hoc safety factors such as an additional shallow
water decompression stop or less bottom time to
achieve a lower DCS incidence. Sport divers use
such stops to reduce DCS risk perceived to be too
high in the standard air tables.

Most sport and scientific divers wish to
achieve a virtually safe decompression, an example
of a virtually safe dose as defined in risk
assessment (7). While military and commercial
divers may assume a higher DCS incidence than
most sport divers, medical care and treatment

Page 107.
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facilities are often more readily available for them
than for the sport diver. Prompt medical treatment
with recompression reduces the risk of pennanent
injury from DCS. Acceptable DCS incidence for
military and commercial divers may be close to
1/100 (1%) or 1/1000 (0.1 %). Legal questions that
can arise over what is a significant risk (8) and
other issues (See Sutterfield, this Workshop) can
further complicate what is an acceptable risk.

RISK OF SERIOUS INJURY

At this point, a distinction should be made
between the risk of serious injury and DCS
incidence. DCS incidence is the combined
incidence of limb bends, CNS-DCS and the
chokes. While the levels of acceptable DCS
incidence show differences according to operational
use, only the relative frequency of certain DCS
manifestations actually determine the risk of
serious injury or death. Limb bends per se carries
no risk of serious injury as compared to
life-threatening spinal cord CNS-DCS and the
chokes. Limb bends and CNS-DCS, mostly spinal
cord injury, occur with different proportions in no­
stop air dives (9), and the chokes appears
uncommon. Since a higher proportion of spinal
cord DCS injury occurs in relatively short, deep
"bounce" dives (10), the risk of serious injury
appears greater in short, deep dives than in long,
shallow dives with the same DCS incidence.

Although we recognize that differences exist
between morbidity from the various manifestations
of DCS, the relationship between DCS
manifestations and dive profile is not well
understood. However, we consider any DCS
manifestation undesirable. For these reasons and
for the sake of simplicity, we will address pro­
cedures that evaluate DCS incidence in
decompression procedures without directly
assessing the underlying risks of serious injury and
death.

GENERAL APPROACH TO EFFICIENT
TESTING AND VALIDATION

What effect does the level of acceptable risk
have upon testing and validation procedures?

Answers to this question are difficult. Generally,
as we lower acceptable risk, we must also increase
the number of trials. We will point out some
approaches that can reduce the number of trials
needed. Appropriate statistical methods and
additional sources of information can increase the
efficiency of dive testing and validation. We will
discuss statistical approaches that can enhance
testing and validation when low DCS incidence
estimates are sought.

Previous tests, DCS models and dive tables
Since the DCS incidence and serious injury

risk should be low in the testing phase and in the
final dive tables, we can use existing information
on human decompression responses to evaluate re­
gions of interest in a decompression procedure.
Data from well-controlled human decompression
experiments that fit the experimental te~ting design
can provide additional information that would be
costly to repeat. We can reduce the number of
dive trials by evaluating decompression responses
available in various data bases by DCS modelling
(See Weathersby, this Workshop). Existing dive
tables that have been thoroughly validated also
contain information useful to formulate an
experimental design for testing new tables.

Animal tests
Preliminary animal testing avoids unknown

risks to human subjects and provides information
about decompression responses where known risks
are unacceptably high. Animals with about the
same body weight as humans, such as the goats
that Haldane and colleagues used so successfully
(11), offer physiological models of human DCS.
Decompression responses from these animals are
generally similar to human responses and can be
compared, based on body weight extrapolation, by
a procedure known as allometric scaling (12).

Doppler bubble detection and
decompression severity

The extent of bubble formation also con­
tributes information about the overall severity of
decompression. Doppler-detected bubbles afford a
precursor index of decompression severity that
complements the presence or absence of frank
DCS episodes. Spencer and his colleagues (13) and
a joint Canadian and French team (14)
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Table 1. Expected percentage of trials with DeS
cases from randomly sampled 1, 5 and 10%
underlying DeS incidence

a single decompression procedure as shown by
Homer and Weathersby (16). Fortunately,
computing binomial probabilities is fairly
straightforward whether by hand calculator
(Appendix) or by statistical computer programs,
such as Minitab (18).

Rejection rules with binomial probability
If we want to know the probability of

rejecting a decompression schedule, we can take
the Homer and Weathersby approach (16). They
compute the probability of rejecting a table against
a "true" incidence of DCS using 10, 20 and 40
successive man-dives with at least one DCS case
as the rejection criterion. The procedure involves
testing a single dive profile. As the number of
fixed trials increases, the probability of rejecting a

Des % Des Incidence
eases 1 5 10

8.1

59.0

32.8

0.1 2.3

4.8 20.4

95.1 77.4

1

o

0 90.4 59.9 34.9

1 9.1 31.5 38.7

~2 0.4 8.6 26.4

0 81. 8 35.8 12.2

1 16.5 37.7 27.0

~2 1.7 26.4 60.8

0 60.5 7.7 0.5

1 30.6 20.2 2.9

~2 8.9 72.1 96.6

5

20

50

10

Dives/
Trial

Now we wish to discuss testing of a single
decompression procedure with one pressure and
duration dive profile. To assess DCS incidence, the
binomial distribution can be used. We will illustrate
this procedure with a few examples. More
generalized testing such as the validation of
decompression schedules will be covered in the
next section.

Homer and Weathersby (16) addressed the
importance of placing decompression testing on a
firm statistical basis. Human testing and validation
trials of decompression tables have been conducted
historically on an iterative basis by increasing or
relaxing the severity of decompression insult until
the investigators felt that a table or decompression
procedure was safe. This was often done with a
Haldanian model of DCS incidence based on gas
tensions (11). However, the safety of such a table
or decompression procedure was not explicit.
Statistical techniques now available offer a means
for explicitly estimating how safe the dive tables
really are.

SINGLE DECOMPRESSION PROCEDURE
TESTING

Binomial probability
Binomial probability is treated in most

introductory statistical textbooks. Zar (17) presents
a lucid description together with a table of
proportions of the binomial distribution up to a
sample size of 25. The binomial distribution
permits the investigator to calculate the exact
probability of binary events, e.g. the presence or
absence of DCS. This method can then be used to
estimate how many dives would be required to test

demonstrated how Doppler bubble detection can
be used to plot bubble scores that correspond to
decompression severity. Nishi and associates (14)
found a close fit between no-stop decompression
limits of the Royal Navy air tables and their
bubble scores. Although bubble detection among
individuals with about a 10% DCS incidence has
not proven to be so successful in distinguishing
clinical DCS (15), studies with bubble detection
indicate its potential value as an adjunct to DCS
provocation (See Nishi and Eatock, this
Workshop).
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"risky" schedule increases. They show that even at
a 10% incidence (0.1 probability of the bends),
only the 40 dive trial is a sufficient test to uncover
a risky schedule with a 10% DCS incidence more
than 90more than one% of the time. Looking at
a lower, but still usually unacceptable DCS
incidence, rejection becomes more difficult. At a
4% incidence of DCS, a trial of 40 dives will reject
the decompression schedule somewhat more than
80% of the time. In this second example, the
rejection rule calls for almost a one in five
acceptance of a comparatively risky dive table after
40 man-dives free of DCS.

incidence drops substantially only between 20 and
50 man-dives per trial. Even a 5% DCS incidence
with 20 man-dives will have more than 35.8% of
the trials without DCS.

Percentage rejection rate
A table such as Table 1 can be used to obtain

the probability of rejecting a dive table for a given
rule. Such probabilities are given more explicitly in
Table 2. With 1 or 2 DCS cases to reject a 10%
DCS procedure, 95% rejection of a dive profile
occurs only between 20 and 50 man-dive trials.

Table 3. Percentage acceptance rate of dive
schedules with 0.1, 1 and 10% DeS

5.1 99.996 99.6 73.6

of Dives DeS Cases
to Accept 0.1

Number Number of

101

81.8 12.2

90.4 34.9

% DCS Incidence

98.0

99.0

o

o

20

10

Expected percentage of trials with DCS
To further illustrate the above points, we

show likely randomized trials having different DCS
incidence. Table 1 contains an example with 5, 10,
20 and 50 dives per trial. We calculated with
binomial probability the percentage of trials with
0, 1 and 2 or more DCS cases from underlying
DCS incidence of 1, 5 and 10%.

To illustrate the fact that no DCS may be
observed even at incidences which are generally
unacceptable, we note that the percentage of trials
that provoke no DCS with an underlying 5% DCS

5.1 99.98 98.3 39.2
Table 2. Percentage rejection rate of dive schedules
with 0.1, 1 and 10% DeS

50 o 95.1 60.5 0.5
No. of No. of
Dives DeS

eases
to % Des Incidence

Reject 0.1 1 10

10 1

2

20 1

2

50 1

2

1.0 9.6 65.1

0.004 0.4 26.4

2.0 18.2 87.8

0.02 1.7 60.8

4.9 39.5 99.5

0.12 8.9 96.6

In statIstIcs, there is a duality or trade-off
between accepting a risky table and rejecting a
safe table. If a 0.1 % DCS incidence level occurs,
a 50 man-dive trial with a one DCS case rule will
reject this "safe" decompression schedule in almost
5% of the trials. We can improve this by relaxing
the rejection requirements. For two DCS cases
rejection with 50 dives, the rejection rate with a
0.1 % DCS incidence dive schedule drops to 0.12%.
However, the probability of rejecting an unsafe
table will have also been reduced. The only way to
improve overall performance is to further increase
n, the number of dives in a trial.
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Percentage acceptance rate
Another way to present these results is by

focusing on the acceptance rate of low risk and
high risk decompression procedures (Table 3).

Acceptance rate is simply 100% less the
previous percentages given in Table 2 and
represents the other side of the coin. In this
example, the maximum number of DCS cases for
dive schedule acceptance is one less than the
number of cases to reject a dive schedule. Both
tables compare what statisticians refer to as Type
I and Type II errors with an inappropriate
rejection or acceptance of a decompression
procedure.

Binomial confidence limits
Confidence limits for a binomial distribution

with a fIxed number of trials and underlying
incidence can be calculated or determined on an
inexpensive slide rule (TEAM Corp., Tamworth,
NH 03886). Charts of 95 and 99% confidence
intervals are also available in a book by Box,
Hunter and Hunter (19). Tabulated confidence
intervals appear in a book by Snedecor and
Cochran (20) that cites Crow (21). These are
so-called "exact" confidence intervals. Often used
normal approximation of the binomial confidence
interval becomes increasingly susceptible to error
when proportions (DCS percentages) are low and
sample sizes are less than 50 (20).

Binomial confidence limits illustrate the
relatively large numbers of trials needed to
determine, within reasonably narrow 95%
confidence limits, the incidence of events that
occur with low probability « 5% DCS incidence).
In table testing and validation, we are most
concerned with low incidence probabilities. Confi­
dence limits are typically broad, particularly with
small samples, and this fact again points to the
statistical diffIculties implicit in dive table testing
and validation.

MODEL FITTING

Another approach can offer greater efficiency
in statistical testing and validation. This section
focusses more on experimental the phase rather
than the validation phase of dive table
development. One can test decompression

procedures with a small number (about 3 or 4)
similar pressure and duration combinations. Rather
than relying on a test of one profIle, this method
can be used to acquire information on
decompression responses from similar
decompression profiles of interest. Such an
approach can gain effIciency by reducing the num­
ber of trials necessary to test or to validate a set
of similar dive schedules. This approach is not
constrained by successively testing single dive pro­
fIles one at a time. Information from single dive
profiles can be tested as before, but data from
individual profIles can also be pooled and again
tested with a more general model of DCS
incidence.

At this point, some aspects that influence
decompression schedule testing and validation
should be summarized.

1. Decompression responses are not well
understood. We are only now coming to
realize that the relative proportions of
DCS manifestations depend on the dive
profIle. Morbidity risks vary with the form
of DCS.

2. Rare event estimation is not easy. The
examples provided in the above review of
binomial probability indicate some of the
difficulties and the need for an
optimization of the table testing and
validation procedures.

Although DCS modelling is not the primary
topic of this paper, its use appears essential if dive
table testing is to be conducted in the most cost
effective way. If some reasonably correct
assumptions and predictions about the behavior of
DCS incidence with pressure and dive duration
can be made, then decompression responses can
be pooled, and testing becomes more effIcient.

Dose response curve approach
Essentially, dive schedule testing is similar to

the dose-response methods used in bioassay. These
are described in a rich statistical and
pharmacological literature, e.g. Finney's books
(22,23). However, some important differences exist
between conventional bioassay techniques at high
incidence levels and rare event estimation at < 1
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to 0.1 % incidence typical in table validation. Low
incidence levels challenge the statistician to
provide reasonably good DeS incidence estimates
without demanding too many dives.

As previously mentioned, decompression
testing is in many ways similar to the usual
approach taken in dose response curve fitting used
by Finney (22,23) in bioassay. While reliability
testing to estimate equipment failure often deals
with rare events, the methods used are not directly
applicable to the problems encountered in table
testing and validation. Induction of DeS in a diver
appears more analogous to drug testing. In drug
and dive schedule testing, each involves testing a
set of doses to determine whether they produce
a physiological effect. In dive table testing, safer
decompression procedures are achieved usually by
decreasing the decompression "dose" by reducing
decompression rate, bottom time, or the maximum
exposure pressure.

Model dependence of low
probability estimates

DeS incidence estimation from binary (or
quantal) responses becomes increasingly model
dependent, particularly at low probability levels,
<5% . We have observed that the frequency of
DeS appears to rise sigmoidally with the severity
of decompression insult. One can evaluate DeS
incidence by using a distribution that accounts for
the S-shaped decompression response. Finney (23)
compares some commonly used distributions,
including the logistic distribution that we have
successfully used in our Des studies. At a DeS
incidence less than about 5%, Finney's illustration
(Fig. 17.14.1, ref 23) shows considerable divergence
between some of the models, although the normal
and logistic distributions remain quite similar. At
this time, we do not know enough about the
behavior of low DeS incidence to recommend a
particular distribution, although the logistic
distribution provides a reasonably good fit for
modelling DeS as a function of log pressure and
log duration based on our experience.

Des estimation
Cox (24) and Hubert (25) provide statistical

methods for the analysis of bioassay data that find
application in table testing. Hubert shows an
explicit calculation of the standard error of dose

corresponding to a given incidence. Standard errors
can then be used to calculate confidence intervals.
Several statistical packages, such as SAS (26),
provide statistical algorithms for the "dose" cor­
responding to incidence. The SAS routine also
gives 95% confidence intervals for the "dose,"
which in this case is log bottom time or log
pressure. In our decompression studies referred
to above, we have assumed a logistic distribution
of DeS events. The models were fit by the GLIM
statistical package (27).

An example of human decompression respon­
ses serves to illustrate the estimation of DeS
incidence based on no-stop decompressions
conducted with compressed air (Fig. 1).

DeS incidence. estimates were computed with
GLIM as previously described. The left side of
this graph contains DeS incidence estimates
derived from the Van der Aue et al. (28) sea trial
data. DeS estimates, seen on the right side of this
graph, represent Behnke's data (29) from chamber
dives. These DeS incidence estimates, represented
by effective dose (ED) isopleths that span dive
duration in the respective data sets, closely match
the DeS incidence thought to occur when the U.S.
Navy (6) and the Royal Navy (30) no-stop air
tables are followed out to their limits.

Efficient sequential designs
Table development often involves an iterative

approach to achieve "safe" decompression
procedures. This testing phase is usually followed
by a validation phase before dive tables are
introduced for operational use. Our attention in
this section is directed at optimizing the testing
phase.

Methods used to estimate the dose associated
with a given probability of quantal or binary
responses are reviewed in a paper by Wu (31). He
recommends a design that incorporates an
estimation procedure that chooses the next dose
to test based on the observations collected.

In our work, we found a modified iterative
approach to be an effective strategy for
determining "dose" levels of decompression. Each
successive trial tested a decompression procedure
at three levels of decompression severity, each
represented by a small number of animal-dives
( <20). Responses were evaluated and more "dose"
levels were added when necessary so that we
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NO-STOP DECOMPRESSION LIMITS AND ESTIMATED DCS INCIDENCE IN HUMANS
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Figure 1. Comparison between no-stop decompression limits in the U.S.
Navy (USN) and Royal Navy (RN) air tables versus DCS incidence
estimates derived from Van der Aue and associates (28) and Behnke (29)
decompression trials.

quickly found "dose" levels that provoked an
appropriate DCS incidence. We call this procedure
sequential iterative testing.

We find this procedure particularly useful in
pilot studies for selecting dive profiles. If a certain
profile does not provoke DCS, another slightly
more severe may. Some DCS becomes more likely
because the testing protocol is not rigidly confined
to a single decompression profile. This procedure
enables the investigator to alter the protocol more
readily and to acquire more decompression
responses closer to the desired DCS incidence
level. Indeed, this approach closely follows some
of the empirical methods applied in the early
testing by the U.S. Navy.

However, this testing approach may also
increase the number of DCS cases and this aspect
mayor may not be acceptable in the context of
human subject risk. For this reason, DCS
precursors, such as venous bubbles, can assume
increasing importance in the testing and validation
of dive tables.

RECOMMENDED APPROACHES IN TESTING
AND VALIDATION

Single dive table validation
For the validation of a single schedule or

table, we suggest a binomial probability procedure,
similar to the approach described by Homer and
Weathersby, with a sufficient number of dives to
detect DCS at a level acceptable in the intended
user populations. Sport and scientific divers require
dive tables with an extremely low DCS incidence.
Commercial and military may be willing to accept
a higher risk based on operational considerations
that include adequate bottom time for work and
ready access to medical treatment with
recompreSSIon.

Multiple dive table
Testing and validation

For multiple table testing, we suggest an
approach with trials that require three or perhaps
four closely spaced levels of decompression insult
in each trial. Each "dose" might be tested five or
ten times. Decompression responses, either from
the human testing or from past experience, can
be used to estimate DCS incidence and to select
the appropriate decompression insult.
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Decompression responses generated by the
protocol should undergo frequent evaluation by the
methods previously discussed. This strategy will
provide for protocol modifications whenever
necessary. Successive tests can be used to modify
or to validate the decompression procedures fur­
ther.

Other considerations
Successive trials should meet acceptable risk
requirements in human subjects being tested and
in the validated dive tables intended for the user
population. Animal studies can augment human
testing to avoid catastrophic outcomes, especially
in testing potentially risky protocols. An important
ethical principle is to avoid needless and
unacceptable risk in the testing of human subjects.
Earlier suggestions about the use of DCS model­
ling, existing data bases of human decompression
responses, bubble monitoring, and animal responses
to decompression have obvious value for avoiding
unnecessary human decompression trials.

IMPLICATIONS

We conclude this discussion with some
implications drawn from the need for additional
dive table testing and validation.

1. Sport and scientific divers need decompression
procedures that achieve a lower DCS than now
provided in the U.S. Navy no-stop air tables when
carried to their limits.
2. Statistical testing and modelling decompression
tables can quantify risk, enhance testing efficiency,
and improve diving safety.
3. Acceptable decompression procedures with low
risk create testing problems due to sample size
requirements. Statistical approaches, similar to
bioassay methods, can be used to optimize the
testing and validation of decompression tables.
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APPENDIX: CALCULATION OF BINOMIAL
PROBABILITIES

Binomial probability can be used to calculate
several statistical measures of decompression
schedule trials. The frequency of DCS cases in a
given trial will indicate the underlying DCS inci­
dence. Larger trials will provide better estimates
of DCS incidence associated with a particular
decompression schedule. The probability of
various levels of DCS incidence can be estimated
for trials that produce no DCS, 1 case, and 2 or
more DCS cases (Table 1). Validation or testing
rules offer a statistical method for rejecting (Table
2) or accepting (Table 3) a decompression
schedule. Computation of binomial probabilities
with a hand calculator or a statistical program
requires computation of powers taken to the
number of dives in a testing or validation trial.
Tables of binomial proportions or access to com­
puter-generated proportions are useful. For an
illustration of binomial probability calculation, we
chose several examples taken from Tables 1 and
2. In Table 1, the expected percentage of trials
with DCS cases taken from 1, 5 and 10% inci­
dence can be evaluated two ways.

Use of binomial proportions in tables
For a 20 dive trial with a 1% DCS incidence,

the expected percentage of trials with 0, 1 and 2
or more DCS cases can be computed with a table
of binomial proportions as found in Zar (17).
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Problem: What is the expected percentage of trial
series with 20 man-dive decompressions each and
an underlying 1% DCS incidence that will provoke
no DCS cases?

Solution: One can read the proportion (or
probability) of 0 events (0 cases of DCS) directly
from Zar's table as the proportion for a sample
size (n) equal to 20. The proportion and
probability equals 0.81791, and the percentage of
20-dive trial series without DCS is 81.8%.

Problem: What is the expected percentage of trials
with 1 DCS case (as above)?

Solution: The proportion is 0.16523, and the
percentage is 16.5%. Note that the remaining
proportion of trials with 2 or more DCS cases is:
1 - (0.81791 + 0.16523) = 0.01686, or 1.7%. The
sum of the proportions of all trials equals 1 (or all
events = 100%).

Calculation of proportions
from binomial probability
Zar (17) discusses computing binomial probabilit­
ies. An example from Tables 1-2 illustrates the
computation.

Problem: What is the expected probability of no
DCS cases produced from an underlying 1% DCS
incidence after 20 man-dives?

Solution: The probability of a random sample of
size n containing x individuals in one category (i.e.
no DCS) and n-x individuals in the other category
(i.e. with DCS) is:

P(x) = [n!/x!(n-x)!][pxq(n-x)].

In this example, n = 20 dives in the trial and x =
o DCS cases. Small p is the underlying DCS
incidence, 0.01 ,and 1 - P = q. (Factorials are used
to compute the probability, where

a! = (a)(a-1)(a-2)...(2)(1).

Thus, 5! is (5)(4)(3)(2)(1) and equals 120.
Furthermore, O! is defined as 1, and any number
taken to the 0 power, nO, is 1.)

P(x) = [20!/0!(20-0)!][(0.01°)(0.9920-°)]

= [20!lO!20!][(0.01°)(0.9920-°)]

= [1][(1)(0.992°)] = 0.81791.

Thus, P(x), with x = 0 for no DCS cases, equals
0.81791 or 81.791% of the 20 man-dive trial series
that will contain no DCS.

Problem: What is the probability of 20 man-dive
trials with 2 or more cases of DCS?

Solution: We know that P(O) = 0.81791. We need
to know the probability of P(l), the probability of
20 man-dive trials with a single case of DCS. With
both P(O) and P(l), we can determine what the
remaining probability will be for trials with 2 or
more DCS cases by subtraction:

P(~2) = 1 - ( P(O) + P(l»

P(l) = [20!/1!(20-1)!][(0.011)(0.99(20-1)]

= [20!/1!19!][(0.011)(0.9919)]

= [20][(0.01)(0.8261686)]

= 0.1652337 or 0.16523 when rounded.

This is 16.523% of the trials. The probability of
two or more DCS cases is:

P(~2) = 1 - ( P(O) + P(l) )

= 1 - ( 0.81791 + 0.16523 )

= 0.01686,

or 1.7% of 20 man-dive trial series with a 1%
underlying DCS incidence will contain two or more
DCS cases (Table 2).
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DISCUSSION FOLLOWING DR. LEHNER

DR. HAMILTON: I am going to be brutal here
and ask does your paper contain equations or
something that somebody else can pick up and
use? If I have 1 hit out of 25 dives, how can I
present this statistically? Are you able to re­
commend to us how to do it?

DR. LEHNER: I would recommend a procedure
using sequential iterative testing with a small
number of samples, getting some estimates, and
based upon those estimates of DCS incidencenif
you are in a new area--using those estimates to
extend this testing approach even further.

From the standpoint of testing, I think it is
really essential for most of us, including myself, to
be able to collaborate with a statistician who has
had some training in human subject testing, if
possible. I know that may be difficult. In our
setting, it is an extremely valuable experience to
be able to interact with a statistician and analyze
data that are produced from a particular series of
trials.

DR. HAMILTON: But we all generate the same
kind of data.

DR. LEHNER: I can not give you an explicit
answer to that because it matters so much what
you are finding in any particular schedule, how
risky that particular schedule is from the stand­
point of whether or not it would be producing a
high incidence of serious DCS as opposed to
pain-only bends. I know I am hedging.

REV. LANPHIER: Giving you reality, though.

DR. LEHNER: Reality, well, I think the situation
is that we have to be very, very careful.

DR. HAMILTON: Can you come up with
something that will help us do statistics on small
numbers of decompression trials?

DR. LEHNER: Binomial probability offers a
method for testing or validating a table with a
single profile. The Wu paper presents a method
of sequential testing, where you can choose the
next dose in a series of dose trials.

DR. LAMBERTSEN: Two comments. First of
all, I think there are two ways of developing
tables. It sounds as though you are describing
starting from scratch with no information at all,
and then, of course, step-by-step, iterative activity
is essential.

The second comment has to do with the use
of animals, to make sure that you were not doing
something very foolish. That sounds like a
non-iterative approach and the animal work is not
really bearing upon the behavior of the human.
For animal work to be meaningful, we would have
to be examining extreme circumstances, big steps,
not iterative, controlled shorter steps that were
based upon prior human experimentation.

What, specifically, would be the approach to
doing the improvement upon all the work that has
been done so far in all, of the different efforts
that have been made so far? Are you suggesting
that one needs animal work to produce the
improvement in the decompression tables that we
are looking towards?

DR. LEHNER: I suppose it depends upon the
table you are talking about.

DR. LAMBERTSEN: Are you talking about big
steps that you are going to try to make or are you
talking about little ones? If you are talking about
little ones, animal work is not going to help you
determine whether a small iterative process is
going to work. It would only determine whether
something drastically different from what is going
on now would work.

DR. LEHNER: Your first question I think spoke
to the use of preexisting information with regard
to human decompression responses. And that,
obviously, requires the use of what human DCS
data bases are available, such as the one at your
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institution. I think it is extremely important that
we do not repeat experiments that have been well
controlled and done in the past. There is no
necessity for doing that. It would be a waste of
human resources not to avail ourselves of the
human decompression data that already exists.

Animal responses are obviously interesting
from the standpoint of what you spoke to; that is,
looking at the large steps. And we can conduct
experiments with animals that we simply cannot
ethically do with humans. That is one of the great
advantages of animal experimentation.

DR. YOUNGBLOOD: I want to recognize the
benefits of this, and one very simple lesson that we
all admitted in the past. I know I did and I think
perhaps Peter [Bennett] did and maybe Bill
[Hamilton] did, too, and that is to find a friendly
statistician who speaks English.

The second thing is, I feel a little emotional
resistance here in saying, "You must tell us how to
get the data we want out of a small group of
subjects." They may be telling us that that is
impossible and we just do not like to hear it.

CAPT THALMANN: There is a difference
between validating a model and validating a table,
that is the conflict. If you are validating a model,
you need decompression sickness in order to know
where you are. If you are validating a table, your
end-point is you do not want any decompression
sickness.

We had a statistician come in and look at the
O2 toxicity data that we generated at EDU, and
he looked at it and said, "Your problem is you are
not convulsing enough people." That is exactly
what you want to hear, but we were faced with the
same problem that you were; we had a small
number of data points and we asked him, "Can we
make any sense out of it?" And he said, "No,
unless you get more data points."

So, in table validation, you are working down
near the zero incidence of the curve, whereas in
a drug evaluation or anything else, you want to be
up on the slope part of the dose-response curve
so you know where you are. The people devel­
oping the tables want to validate the model
because they want to know if their premises work,
whereas the contractors do not care if the pre-

mises work, they just do not want to bend any­
body.

So, when you come up with criteria, you really
have to be careful that if you start to talk about
table validation you do not slide into model
validation, and that you differentiate between the
two because the processes are different. You use
different end-points for them.

CHAIRMAN SCHREINER: The purpose of
having Dr. Lehner and Dr. Weathersby here today
is to open up the dialogue. It needs to be opened
up between those who gather data and those who
know how to get the most out of data, and
particularly with those who know how to make
sure that before you gather data that your
experimental design maximizes the return on the
investment in terms of information.
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ETHICAL ASPECTS OF VALIDATION

The Rev. Edward H. Lanphier, M.D.

The University of Wisconsin - Madison

Paradox: Why "ethics"?

Before doing anything else, I'd like to
face a question that probably occurs to
most of you. Why do we have to go through
some "ethical" fandango in order to vali­
date a decompression procedure that is
almost certainly better than what we had
before? After all, divers in the field
are being decompressed according to bad
tables modified by some master diver's
"Jesus factors" and other questionable
ideas ...

This kind of situation is not unusual in
medicine or elsewhere. For example, a
barely-qualified practitioner can apply
almost any medical procedure that comes
into his head and will learn nothing in
the process. Meanwhile, a controlled sci­
entific comparison of treatments may al­
most be stymied by requirements imposed in
the name of ethics (1).

We can thank the Nazis for the ethical
hurdles. When their incredible misdeeds
in the name of "medical research" came to
light, the need for some kind of rules be­
became obvious. At the same time, honest
investigators realized that rules were
needed to protect patients and normal vol­
unteers even in good places in the USA.

It took a while for th ... ilgS like the Dec­
laration of Helsinki (2) to crystallize,
and the time-lag allowed me to enjoy a
colorful career as a human subject. I
wouldn't have had it otherwise at the
time, but reminiscing about my experiences
as a graduate student and postdoctoral
fellow makes me thankful that I survived
more or less intact.

Things weren't much better when I moved on
to the US Navy Experimental Diving Unit in
19Q1. I was a medical officer by then, but
I knew that my manhood would be ques­
tioned if I didn't participate in our
table testing and oxygen tolerance
studies. Besides, the only assurance the
enlisted subjects had was that officers
like me were willing to undergo the
trials. Bends and convulsions were not
infrequent at EDU in the days when men
were men.

a long talk with Norman Fost, M.D., M.P.H.
He is a professor of Pediatrics, head of
the UW program in Medical Ethics, and an
internationally-respected ethicist a
term that didn't exist not so long ago.

The real turning point in this matter was
passage of the National Research Act of
1974. This Federal law requires all insti­
tutions that receive funds from the De­
partment of Health and Human Services,
usually through the National Institutes of
Health (NIH), to meet rather stringent re­
quirements.

The requirements are centered in what is
called an Institutional Review Board or
IRB. Our IRB at the University of Wiscon­
sin is called The Committee for Protec­
tion of Human Subjects in Research.
Authority for specifying and monitoring
requirements is centered in the Office for
Protection from Research Risks (OPRR) , and
the "bible" is OPRR's manual of reg­
ulations on human subjects (3).

OPRR: Protection of Human Subjects.

Strictly speaking, the law applies only to
funding that comes from the Department of
Health and Human Services, the parent of
NIH. However, every institution - to qual­
ify for such funds - has had to provide an
assurance that describes its IRB and also
It ••• principles governing the institution
in the discharge of its responsibilities
for protecting the rights and welfare of
human subjects of research conducted at or
sponsored by the institution regardless of
source of funding. As a result of this
requirement, I doubt that there is any
university, medical school, or major hos­
pital now that does not apply the same
standards to all human studies across the
board, no matter where the money comes
from.

"Protecting the rights and welfare of
human subjects" is the name of the game.
You might say that this reflects the fact
that we assume a special kind of responsi­
bility for people when we do things to
them, in the name of research, that might
not happen in the normal course of events
or jobs or treatment.

The University picture In the years since '1974, the NIH approach
has set a powerful precedent for work with

Things have certainly changed, at least in humans anywhere. We might be able to do
medical schools and universities. One of our table testing in some diving company
my assignments here is to describe the or in an obscure private laboratory that
prospect of table-testing in that set- has no NIH grants and would leave the
ting. I did a lot of groundwork on that "rights and welfare" worries to us. But
topic, but I got the best insights out of ~t looks as if any end-run of that sort
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would be foolhardy. In today's litigious
atmosphere, deviation from accepted stand­
ards would almost certainly be illuminated
sooner or later at great expense to some­
body. It seems far better to do what
needs to be done, either in the laboratory
or in the field, under the aegis of a good
IRB.

What is an IRB. and what does it do? The
specifications are remarkably detailed.
For example, the OPRR regulations cover
not only the size and makeup of the Board
but many things about functions, stand­
ards, records, etc. -- as well as the
assurance that I've already mentioned.
This quote from the section on composition
of the IRB seems especially applicable to
our interests: An IRB may, in its dis­
cretion, invite individuals with compe­
tence in special areas to assist in the
review of complex issues which require ex­
pertise beyond or in addition to that
available on the IRB ... "

Many IRB's would call in an outside con­
sultant to help evaluate a proposal in
diving medicine. In fact, I would want
ours to do so. Otherwise, they would just
be taking my word and Charlie Lehner's.
That puts too much of a legal burden on us
even if the IRB were satisfied.

Functions of the IRB are covered in
considerable detail in the OPRR document
(3). First of all, the IRB shall review
all research activities covered by the
regulations (and that would certainly in­
clude us). It has the authority to ap­
prove, disapprove, or require modifica­
tions in all such activities.

Criteria for IRB approval of research.
Here are some of the criteria listed in
paragraph 46.111:

(1) Risks to subjects are minimized. I
must skip details, but this section re­
minds me to say that a good IRB can be a
real asset and deserves to be approached
accordingly. It can not only help keep
you out of trouble but may actually
improve your protocol.

(2) Risks are reasonable in relation to
anticipated benefits ... and the importance
of the knowledge that may reasonably be
expected to result. This is sometimes
called the risk/benefit ratio. A poorly­
designed study is inescapably unethical
because the likelihood of benefit is not
at all sufficient to offset any risk what­
soever.

Dr. Fost gave us a particularly interest­
ing discussion under the heading of pa­
ternalism. IRB's may differ considerably
from one to another~ and this is one point
on which there is apt to be a lot of dif­
ference. A very paternalistic IRB is one
which severely restricts the degree of
risk to which subjects can be exposed. At

the opposite extreme, an IRB may ok al­
most anything a subject is willing to do
so long as he really knows what he's get­
ting into. Most IRB's in the US apparent­
ly think that protecting subjects too much
amounts to interfering with their rights
and opportunities.

In England and France, normal subjects
have been almost unprotected; but now that
there have been some deaths and serious
abuses (4,5), the pendulum is headed to­
ward heavy paternalism (6,7).

Dr. Fost described our IRB at Wisconsin as
being relatively paternalistic, but he did
not think we would have trouble obtaining
approval of a well-designed table-testing
project. We had presented him with a
plausible "test case" with an honest de­
scription of the risks as we see them. We
did not claim that prompt treatment of DCS
would necessarily rule out permanent in­
jury. Even so, Fost felt that the Commit­
tee would consider our risks no greater
than those that many people run in the or­
dinary course of their lives and work.

A good IRB will be interested in many as­
pects of subject safety, so our proposal
to the IRB should show careful attention
to everything that is relevant in that
line.

(3) Selection of subjects is equitable.
The guidelines here are not very detailed,
but we might be asked under this heading
whether it is appropriate to use students
as subjects unless, perhaps, they are also
divers. There are good reasons, ethical
and otherwise, for drawing subjects from
the population for which a procedure is
intended. Any subject will be accepting
risks, but trained divers should be better
able to appreciate the risk and give more­
fully-informed consent.

One of my assignments here is to "contrast
the ethical situation of the laboratory
subject with that of the diver who would
use the new procedures." If I understand
the underlying question, perhaps it would
help to assume that what we do in the lab­
oratory will identify problems with a pro­
cedure and lead to its improvement. This
would result in a safer procedure for the
actual user. The laboratory subject is
presumably taking a greater basic risk but
doing so with greater safeguards. In the
final analysis, the "ethical situations"
of the laboratory subject and the diver in
the field should be much the same.

If the intended users'will include female
divers, then women should be among the
subjects. The proportion of women should
eventually be large enough for us to learn
whether their responses differ signifi­
cantly or not. It clearly will not be
practical to test fit vs unfit, young vs
old, etc.; so kind of a mixed bag of sub­
jects may be better than, say, all varsity
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athletes or all "normal" undergraduates.

Most IRB's want to know how and how much
you plan to pay your subjects. According
to Dr. Fost, the basic rule is that you
pay what you must to get the subjects you
need. It is all right to pay someone for
taking a risk. But there are limits. The
inducement must not be such as to over­
whelm a person's judgement. That could be
equivalent to coercion.

This is a good place to suggest that we
keep an eye open for subjects who have bi­
zarre motivation for volunteering. They
are rare (8,9), but they can cause serious
problems.

(4),(5) Informed consent is next on the
list. It must be obtained and
documented. Details will be discussed
presently.

(6) This item concerns monitoring the data
collected to insure the safety of
subjects. Here, the IRB would probably
want to know how experience early in test­
ing would be used to modify the table or
procedure as we went on. Fair enough.

(7) Here, provisions to protect the pri­
vacy of subjects and to maintain the con­
fidentiality of data are taken up. There
is one section that I should quote: "Where
some or all of the subjects are likely to
be vulnerable to coercion or undue influ­
ence ... appropriate additional safeguards
(must) have been included in the study to
protect the rights and welfare of these
subjects." This topic also comes up under
Informed Consent.

Informed Consent.

Paragraph 46.116, General requirements of
informed consent, is especially impor­
tant for us. The consent must not only be
informed but also free of undue inducement
or pressure.

All of this brings back memories of my own
career as a human subject. I wouldn't
have missed any of it - except maybe one
or two things but I thought of the
chairmen and other mentors I was appropri­
ately eager to please -- and who would not
have been happy if I'd refused. I looked
back at the Experimental Diving Unit,
where one's manhood, team spirit, loyalty,
and patriotism were certainly at issue
along with the hazardous duty pay. In a
military laboratory, there may have to be
some special provisions (10). Dr. Fost re­
minded me that the use of prisoners for
medical research is now entirely illegal
for just such reasons (11,12).

Incidentally, we must be alert in any
setting to the possibility that personnel
may try to protect themselves and each
other by modifying procedures without the

investigator's knowledge, reporting or
feigning symptoms that did not actually
occur, etc. Such things have happened.

The OPRR document contains some very good
material. In the introductory part, it
says, " ... no investigator may involve a
human being as a subject in research ... un­
less the investigator has obtained the
legally effective informed consent of the
subject sufficient opportunity to con-
sider minimize the possibility of coer-
cion or undue influence language under-
standable to the subject .

Some IRB's would require a witness who
would actually question the subject to en­
sure understanding. Written information
of impractical length and pressure to sign
without time to read could certainly in­
validate the process.

Another good point: "No informed consent
... may include any exculpatory language
through which the subject ... is made to
waive or appear to waive any ... legal
rights, or releases or appears to release
the investigator, the sponsor, the insti­
tution or its agents from liability for
negligence."

Required information.

Under Basic elements of informed con­
sent, this sections says, " ... the follow­
ing information shall be provided tq each
subject:" (I must reduce each section to a
few words and emphasize only what seems
exceptionally important.)

(1) That the study involves research; its
purposes, durat-icn, procedures, and which
procedures are experimental.

(2) A description of any reasonably fore­
seeable risks or discomforts... (and this
does have to be realistic and complete!)

This one is exceptionally important:

(6) "For research involving more than min­
imal risk, an explanation as to whether
any compensation ... and any medical treat­
ments are available if injury occurs ...

There is a fat folder in my files contain­
ing material that dates back at least to
1963. It is labeled "Insurance Problem,"
and it documents my efforts to get some
kind of coverage for human subjects to
take care of them in the event of injury:
so they could be compensated without hav­
ing to go to court and prove negligence.
There have been three national commissions
on this subject since I started worrying
about it. All recommended some kind of
national program to provide compensation,
but there is still no such thing. The
government hasn't provided anything ... No
insurance company will touch it.

As a result, our IRB requires us to in-
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elude in the informed consent document a
grim chunk of prose called the "non-com­
pensation clause." In effect, it tells
the prospective subject that if anything
bad happens, that's tough. Actually, I'm
sure some free medical care would be pro­
vided, but we can't even hint at that.

(7) An explanation of whom to contact for
answers to pertinent questions about the
research and research subjects' rights,
and whom to contact in the event of a re­
search-related injury to the subject; and
finally,

(8) A statement that participation is vol­
untary, that refusal to participate will
involve no penalty or loss of benefits to
which the subject is otherwise entitled,
and that the subject may discontinue
participation at any time without penalty
or loss of benefits ...

Additional elements of informed consent.

When appropriate, one or more of the fol­
lowing elements of information shall be
provided to each subject:

(1) ... risks to the subject (or to the em­
bryo or fetus if the subject is or may be­
come pregnant) ... If we include women in
a decompression study, we had better be
sure they aren't pregnant!

(2) ... dircumstances under which subject's
participation may be terminated ...

(3) Any additional costs ...

(4) The consequences of a subject's deci­
sion to withdraw from the research and
procedures for orderly termination of par­
ticipation ... It is certainly prudent to
have these items understood in advance.

(5) A statement that significant new
findings developed during the course of
the research which may relate to the sub­
ject's willingness to continue participa­
t,ion hlill be provided. . . Just for
example, if the runs are producing 100%
spinal cord injury, the subjects deserve
to know.

Documentation of informed consent. In­
formed consent shall ordinarily be docu­
mented by the use of a written consent
form approved by the IRB and signed by by
the subject ... A copy shall be given to the
person signing the form.

The role of animal studies.

There is no mention of preliminary animal
studies in the OPRR document, but medical
school IRB's will probably think about the
testing of tables much as they do about
the testing of a nehl drug. In such cases,
there is usually a firm background of
animal work that supports the scientific

merit of a proposal for human study. We
should be ready with an explanation if we
don't have a background of observations in
animals. A good IRB will probably be rea­
sonable about this. If what we want to
test is "on the safe side" of a procedure
that already has a fair track record, then
there would probably be no problem start­
ing with human subjects.

Conceivably, there could be some problems
just the same. We might have to admit
that there isn't much "clean" experience
with some parts of existing procedures.
We also know that a schedule that ought to
be safer just might happen not to be (13),
or it might not be enough safer to be
satisfactory. We might be asked to start
our experiments farther on the "safe" side
than we'd like. We shouldn't be surprised
to find an IRB a little skeptical about
tables that are "presumed to be adequate
without further development."

If there is anything novel about what we
propose, or human experience is limited,
then we might have a hard time avoiding
some work with animals in order to satis­
fy the IRB. With present knowledge, ani­
mal trials should play a role very simi­
lar to the function they have in develop­
ment of a new drug. There, animal trials
often send the developers back to the
drawing board or the computer.

Here is an example to consider: We would
like very much to know whether a "safety
stop" - a few minutes at 10 or 20 fsw (3-6
m) - actually can reduce the incidence of
CNS-DCS in relatively short, relatively
deep "bounce dives." I would certainly
want a tentative answer in large animals
first, and such a study is on our agenda.
Our IRB would probably insist on this be­
fore human trials.

Could animal trials be made sensitive e­
nough to be useful in validating proce­
dures striving for a DCS incidence of <1%?
I don't know, but it is a challenge we
ought to accept. My guess would be af­
firmative. If we used sheep or goats, the
allometric scaling factor would probably
be very small.

A more basic question is whether use of
animals in validation would be any easier
than working with human subjects. In a
rational world, my answer would be a loud
"Yes!" First of all, the chance of doing
lasting harm to a human subject seems to
me very real and very daunting even if re­
mote. Then there are questions of num­
bers, costs, and the rest ... all favoring
animals.

But this isn't a rational world. In some
countries, it is easier to do studies le­
gally in human subjects than in animals.
The Animal Rights movement and ~ts accom­
plices are pushing the US in that direc­
tion. I can't predict where this will end
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or how much hell we will go through on the
way.

It is equally difficult to predict what
the continuing trend toward litigation is
going to do to the practicability of usi~g
human volunteers, or whether additional
"ethical" hurdles will be set up. If we
are wise, we will accomplish as much as we
can as soon as we can in both human and
animal work.
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DISCUSSION FOLLOWING DR. LANPHIER

DR. YOUNGBLOOD: I would like to point out
one dilemma in these experiments which IRB's
do not fully cover. We have had an instance in
which a subject wanted to withdraw from an
experiment when the experiment was actually
taking place during a saturation dive. That is
something that the experimenters should anticipate
because there is no way to get the man out, and
he has to understand that situation.

DR. LANPHIER: This should be written in the
information that you present to the IRB and the
subjects so that they know that there is no way to
get out.

CAPT HARVEY: The Navy Medical Research
and Development Command has somewhat com­
plicated procedures. I wish ours were as simple as
what you presented. We go through a review
board which consists of nine people. We have a
lawyer, a minister, an outside doctor, plus six
people from our own lab, none of whom are
associated with the experiment in any way. It is
presented to them when it is only a concept.
They review it. If they recommend it it goes to
Washington, including approval of each form that
has to be signed, review of, "Can it be done by
non-human experimentation, or some easier way?"
"What is the rationale?" All of those things.

Then it goes to the Medical Research and
Development Command in Washington, where it
goes through another review by another group.
When it comes back approved, before each dive
the volunteer subjects have to listen to the in­
vestigator explain everything to them; it takes
about an hour. They then meet with the chair­
man of the CPHS Committee and he verifies that
they have indeed been informed of the thing.
They have the right to withdraw at any time
during the training period prior to the dives. We
have to go through the same procedures again the
day before the dives start.

We have fairly good packages put together on
our saturation dives. If any of you are getting into
this business or you wish to use them as guide­
lines, I would be glad to send them to you. We
are quite open and we have put a lot of thought
into them. I do not claim they are perfect.

Undoubtedly they can be improved, but we are
certainly glad to share them should anyone want
them.

DR. LANPHIER: I guess we had better do
everything at a university. I have thought of
inquiring about the military situation. I am glad
to hear that similar requirements, if not much
worse, are applied.

CAPT HARVEY: We have got it down to a flow,
but it requires a lot of work.

CAPT THALMANN: The military has one ad­
vantage; you are not exposing an individual to any
more risk than he would normally be exposed to,
which makes doing a lot of diving studies a lot
easier. Since they are already divers, you do not
have to justify the fact th;at they are diving; the
people are already trained to a certain amount.

CHAIRMAN SCHREINER: Thank you. Now,
we will have Dr. Weathersby take us into the
realm of statistics.
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UNCERTAINTY IN DECOMPRESSION SAFETY

Paul K. Weathersby
Naval Submarine Medical Research Laboratory

Table 1
Uncer ta in ty in Sing le Repeated Tr ial

DeS cases Trials % DCS Confidence Limits, % DeS

The next set of entries show the results
of several trials that actually did result
in DCS. In each case the raw results are
2% DCS, but the confidence range again
shrinks with the effort of more dives.
With a total trial size of 250 dives we
would be confident that the actual
incidence was' under 5%; over 1000 dives
would be needed to ascertain that our
observed 2% was actually no higher than
3%.

The column % DCS is the raw incidence
observed. Because of the known
variability of DCS, we cannot be sure that
this raw incidence is precisely the
underlying incidence, and in fact it
seldom is. The confidence limit entries
in Table 1 are taken from tabulated 95%
confidence limits on a binomial
distribution (1). Interpretation of the
confidence limit is: with the trial
result as given, we can assert that the
actual underlying DCS incidence is within
this range and be correct about 95% of the
time. If we only need to be 90% or 80%
certain, then correspondingly narrower
confidence limits are available.

The first set of entries shows the
uncertainty expected for trials that do
not result in DCS. As the trial size
increases, the uncertainty decreases. If
the trial was only 5 safe dives, the
incidence might be as high as 52% DCS; if
it extended to 50 safe dives, we could be
confident that the schedule would not
produce over 7% incidence in the long run.
About 180 dives free of DCS would be
required to feel confident that the
schedule in question is actually safer
than 2% DCS, and nearly 400 repeated safe
dives would be needed to convince us that
the schedule is safer than 1%. Clearly,
tables accepted after only 5 or 10 safe
dives do not provide any real assurance of
actual safety.

0.1 - 10.7
0.2 - 7.0
0.6 - 4.6
1.2 - 3.1

0.0 - 52.2
0.0 - 30.9
0.0 - 16.8
0.0 - 7.1
0.0 - 2.0
0.0 - 0.9

2.0
2.0
2.0
2.0

0.0
0.0
0.0
0.0
0.0
0.0

5
10
20
50

180
400

50
100
250

1000

o
o
o
o
o
o

1
2
5

20

STATISTICAL METHODS FOR PREDICTING DCS

Single replicated trial
As our first exercise in statistics,
consider the following possible test
results on a proposed new schedule. In
this example, we assume that many subjects
have repeated the same dive and
decompression'. We have repeated all
conditions carefully and thus assume that
all outcomes are equally valid. Thus our
sta ti st ical "model" is that there is a
single underlying incidence for this
decompression schedule. The trial's
purpose is to estimate the unknown %
incidence of DCS.

How can one deal with this inevitable
uncertainty? One means is to assert that
all cases of DCS are abberations that
follow from some special failure of the
individual or the circumstances. One then
takes on faith (expressed as "professional
jUdgement") that the procedures are safe.
Safety of course is never actually
defined. For those lacking this faith, an
alternative means to deal with uncertainty
is to use the discipline invented for
describing uncertainty: statistics.
Statistics allows us to gather data,
combine it, make new predictions - all
with some estimate of the uncertainty.
Statistics can replace the possible
completion of a validation program that
concl udes "We bel ieve these proced ures are
safe" with "We estimate that these
procedures will yield a DCS incidence
under 2% DCS with a 95% confidence in that
estimate". The remainder of this paper is
concerned with the means to make such
assertions. The assumed target incidence
of DCS is 1 to 5 %; a higher incidence
would be jUdged as unsafe by many people,
and a lower incidence cannot be feasibly
tested using analyses to date for reasons
that will become apparent.

Any validation procedure involves decision
in the face of uncertainty. The
uncertainty that faces us is just how
"safe" a given decompression schedule
actually is. A casual observer of the
history of human decompression sickness
(DCS) will easily accept that when a given
decompression procedure is repeated with
different people, or even with the same
person on different occasions, that the
outcome is not constant: DCS may occur or
it may not occur.

Seldom do we have the resources to conduct
100 or more trials on each procedure we
expect to validate. For testing each
schedule, the process of sequential design
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can generate some efficiency if the trial
is set to test that schedule until a given
acceptance or rejection rule has been
satisfied (2,3). Nevertheless, the same
"ballpark ll is present: 20-50 dives can
reassure us that the procedure is better
than 10%; several hundred are required to
assert confidently that the schedule is
better than 2%.

depth increases slowly, and that the
prediction is well within the binomial
limit for each depth. The model also
provides a tool to extrapolate into
untested territory. For example, we
predict from this analysis that a dive to
a depth of 75 would give an 11 % chance of
DCS (95% confidence limits of 5.4% to
34.1%) •

This model says that any depth (greater
than zero) has a finite probability of DCS
that eventually approaches a p(DCS) of 1.0
(i.e. 100% incidence) as the depth gets
very great. The rate of approach is
governed by the parameter D50. The
principle of Maximum Likelihod is used to
estimate D50 and its uncertainty. The
actual estimation process is presented in
some detail in the references (4,5).

Closely related procedures
What if we have many schedules to test and
only a limited amount of resources? Can
the results on one schedule be used to
provide information on another schedule
which is similar but not identical? The
answer is yes, but it requires another
statistical model. The model must predict
the probability of decompression sickness,
p(DCS), as a function of the important
features of the dive. For our next
example, suppose that we have a record of
DCS outcome after no-decompression dives
of the same duration to 3 different depths
on some gas mixture. If the time, gas
mixture, and trial conduct are all kept
constant, the remaining variable to use in
the probability model is depth. One
possible model for the depth effect is
equation <1>:

For the statistical analysis of such a
complex set of exposures, a model is
needed that deals with both depth and time
in a systematic manner. We applied a set
of models that were formulated with an
integrated lIdecompression risk" through
and following any dive:

p (DCS ) = 1. 0 - ex p ( - Sr d t) <2 >

In eqn. <2>, the term r is one of several
possible definitions of instantaneous
risk, of which eqn. <3> was found to be
-satisfactory:

Large Complex Trial
Sometimes it is necessary to deal with a
large number of decompression procedures
that span a significant range in depth,
time, or both. Available resources will
dictate that each individual schedule will
receive a very small averaqe number of
actual human trials. Such was the case in
the acceptance tests of the presently used
u.s. Navy Standard Air Table (7) which
has been analyzed in more detail elsewhere
(5). A total of 295 individual
decompression schedules were calculated,
tested, recalculated and finally published
after 568 total trials on 88 test
schedules.

<3>r = a ( PtN2 - Pamb ) / Pamb

<1>depth / ( depth + D50)P (DCS)

with the data set given above, D50- the
depth for a 50 % incidence - is estimated
at 628 with an uncertainty (1 standard
error) of 329. As we did in Table 1, the
95% binomial confidence limits are
presented. Taking each depth as a
completely independent problem, the upper
confidence limits range from 17 to 38%.
using the model and its uncertainty and
performing a propogation of errors
calculation (6), the 95% confidence limits
based on the model are found. The table
shows that the upper confidence limits
shrink somewhat to 15-21 %. The
uncertainty has decreased because we have
used all 60 dives to estimate the
incidence at each depth. Note that the
model's prediction of p(DCS) for each

Table 2
Analysis of Trial with 3 Depths

Depth Tr ials DeS
35 20 0
45 20 1
55 20 3

%DCS Binomial e. G.
0.0 0.0 - 16.8 %
5.0 0.1 - 24.9 %

15.0 3.2 - 37.9 %

Model %DeS
5.2 %
6.7 %
8.3 %

Model e. G.
2.0 - 14.6 %
2.5 - 17.8 %
3.1 - 21.1 %

Risk was thereby defined as proportional
to a (calculated) supersaturation: tissue
nitrogen pressure, PtN2, minus the current
ambient pressure, Pamb. Normalization by
Pamb was found useful in analysis of other
data (4). PtN2 was calculated by assuming
single exponential gas exchange kinetics
(1 traditional "tissue") whose time
constant was estimated from the data.

All 568 test dives were used as the data,
and a maximum likelihood analysis gave
a=3.1+l.lxl0-3 and Tl/2=236+69 min. The
results were checked for several other
desirable features before the model was
accepted as a good basis for prediction.
First, the model had a significantly
greater ability to fit the data than did a
"null model" which asserted that all
exposures were equal in risk. Second,
though individual schedules were not
replicated enough to provide a meaningful
comparison between predicted and actual
incidence, categories of predicted dive
safety were found to be in accord with
subsets of the data. For example, in one
of the categories 65 of the trials were
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predicted to have a p(DCS) of 2-5% and an
average prediction of 3.3%. When the
results of those dives were examined,
there were 3 cases of DCS for a raw
incidence of 3/65 or 4.6%. The 95%
binomial confidence limits on 3/65 are 1.0
to 12.9% which comfortably includes the
predicted range. Finally, several
variants of the model presented above were
fit to the same data with no significant
improvement. (These included attempts to
use other "tissues", but the data did not
justify any others.)

The technique of propogation of errors (6)
was used to obtain confidence limits on
individual schedules. One set of results
is given in Table 3 for the attempts to
obtain a "safe" decompression schedule
from a 130 min dive for 50 min (the fine
print of the original report indicates the
actual chest depth of the subject was 127
feet ) •

Table 3
Analysis of Trials for 127/50 Air Dive

Stop 30 20 10 Tot. Outcome Binomial C.L. Model C.L.
Times ----- min ------ DCS/Total

3 21 21 47 1 / 4 0.6 - 80.6 % 4.0 - 9.3 %
3 21 27 53 1 / 6 0.4 - 64.1 % 4.0 - 9.0 %
5 19 28 54 0 / 8 0.0 - 36.9 % 4.0 - 9.0 %

Again, the outcome is based on such small
numbers of subjects that the raw binomial
confidence limits are enormous. The model
confidence limits are much smaller, and in
fact are of the magnitude expected for
replication of each test schedule with
about 300 dives. This extra power has
been gained by analyzing all of the dives
simultaneously. Note that the rather
modest changes in decompression stop times
for this dive do not change the predicted
safety of the decompression very much:
all are about 6%. With the insight gained
from the model, we would now conclude that
the trial stopped on the third attempt
with 8 safe dives because of better "luck"
from a 6% dive not because the 54 min
decompression is inherently much safer
than the 2 other schedules tried.

Limi tations
The overall approach is not free of
problems. Since the results depend so
critically on the data used, time is
consumed in verifying data and reconciling
inconsistencies. We have found it
necessary to return to the original logs
and notes in most decompression studies
since the published reports did not
provide complete information on each dive.
Choosing a model is not simple, and
requires jUdgement both on its
plausibility and its computational
properties. Computer programming and
execution is time consuming, and the
search for a maximum likelihood when
several parameters are being estimated
frequently presents numerical problems
that delay results. With the type of
models used here and about 1000 dives,

many hours of running time on a mid-size
machine (e.g. PDP 11/70) are required for
a sOlution.

The statistical approach also has
problems. The desirable mathematical
properties of the likelihood function(8)
and the propogation of errors(6) formulas
have been documented only for problems
"better behaved" than the decompression
situation - thus we are operating at the
fringe of accepted statistical practice.
The danger of misapplication grows with
smaller data sets - and 500 is not a large
number in this context. Especially
susceptible to computing and statistical
pitfalls are discontinuous models that
have some "threshold" aspect. Even the
reporting of uncertainty has a danger.
All predictions use a statistical
calculation that assumes the underlying
validity of the model. Potential "Model
Error" will bias the predictions in a
direction that statistics cannot deal
with. This problem is most apparent when
one predicts the p(DCS) for dives which
are rather different from those used in
the original data set. For example, many
potential probabilistic models would be
satisfactory for estimating p(DCS) for 40
min dives if the data was rich in 30 and
50 min dives. However, predictions of
p(DCS) for 2 hour dives would probably be
much less reliable than the propogation of
errors confidence limits beacuse of the
substantial extrapolation with the model.

Despite those real and potential dangers,
substantial progress has been made on a
statistically based decompression
analysis. The first application
demonstrated an ability to describe animal
dose-response curves as well as human
single-step decompression in helium-oxygen
saturation diving (4). Next was an
analysis of over 2000 air dives performed
in American, British and Canadian naval
laboratories (5). Data quality and
comparability were serious issues in that
st udy. The most successful model from
that analysis was in an optimization
scheme to produce sets of standard air
schedules with both 5% and 1% expected
levels of p(DCS) (9), and was also used in
stra ightforward pred iction mode to compare
relative safety of air decompression by
present u.S. Navy, Royal Navy, and
Canadian Forces decompression tables (10).
Most recently, some 250 air and N2-02
saturation decompression dives were
analyzed, combined with shorter air data,
and used to predict optimized saturation
decompression schedules (11).

Summary and Recommendations

Any validation process must address the
question: how much do we know about the
incidence of DCS with the proposed table?
The answer" It looks' safe' in limited
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testing" should no longer be satisfactory.
Rather we should accept that DCS is a
variable event and use the tools of
quantifying variability in constructing
the answer. As a binomial random event,
each single trial or test dive has very
limited information, and only by amassing
many hundreds of outcomes can we begin to
have a reasonable answer. The
contribution of probabilistic models and
maximum likelihood analysis is that the
hundreds of dives do not have to be
replicatIons of individual schedules; they
can be single trials or even carefully
chosen historical data.

A possible framework for a validation
program can now be discussed. The steps
outlined below presume that table
analysis, development, and testing are
done in cooperation. without further
study, no quantitative standards are
possible.

1. Construct a probabilistic model
2. Evaluate the model with similar

well-documented dives
3. Predict the DCS incidence of

proposed tabl es
4. Conduct a limited trial

(few hundred dives)
5. Compare predictions and outcome
5a. If they differ, return to step 1.
6. Use all data to estimate final safety

The proposed scheme looks expensive - and
it is. As a final thought, however, let
us consider the overall question of cost
(Fig. 1). The plot is cost against a
measure of safety. Specifically we
suggest the upper confidence level of the
predicted DCS incidence. To increase
certainty in the table's safety (decrease
the C.L.), more dives, more analysis, and
more money is needed. However, as the
confidence limit increases, we can expect
more treatments for DCS with their
attendant direct and indirect costs. The
dotted line adds the problem of legal
action for occupational injury. The total
cost of accepting a set of tables is then
the sum of all the costs, which will have
a minimum at some point. I suggest that
the overall most economical program will
invest heavily in development and keep the
operating point near the left of the
figure.

TOTAL COST

$

UPPER CONFIDENCE LIMIT ON P (DCS)

Figure 1. Relationship between cost and
confidence limit
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ADDITIONAL COMMENTS BY
DR. WEATHERSBY

We have got to accept as a starting point that
there is an uncertainty in decompression safety.
We have got to accept that decompression sickness
is a random event. When we hear of a case of
decompression sickness it is not necessarily due to
the guy having not gone according to the proce­
dure or having had a drink the night before or any
other possible explanations which appear to make
this a unique magical event and, therefore, the
only exception to this otherwise safe schedule. We
have got to accept that individual outcome is
unpredictable and that on any given dive there is
a chance of each individual getting bent.

We need large numbers in order to have a
reasonable degree of confidence in making an
assertion about the reliability of a schedule.

Are we dead? Not necessarily. If we can
have some systematic way of linking different
schedules, we may be able to come out with some
degree of confidence, but this will require us to
get into the realm of probabilistic models. We
have to get out of the view that a decompression
schedule could be designed by a model that has a
binary outcome: Either you are within the predic­
tion, below the N value, avoid the critical bubble
radius, or whatever, or you are not. Rather, we
have to convert our models to probabilistic ones
that have the form that the probability of getting
decompression sickness depends upon the dive,
somehow. This is the simplest one I could come
up with that would relate to a small set of trials
where everything is the same in the small set of
trials, except the depth. (Equation 1 in paper.)
As this simple model would assert, the probability
of decompression sickness depends upon the depth
and we have a parameter that needs to be esti­
mated that links the depth with the probability.

You get that from the data by the principle
of maximum likelihood. I will spare you the
details of how you apply that unless people are
particularly interested in it. It is covered in a
number of publications that some of you have
especially ~n NMRI Report 85-16.

In a more complicated view, I used for an
example the air diving data behind the current set
of Navy Standard Air Decompression Schedules.
This gets into an important question of data.

What we did not do here was to take the pub­
lished tables as they came out, but rather we went
back to the original reports and looked up every
one of the actual dives that were done.

The data has to be of sufficiently high quality
that it cannot confuse the model. I think this
rules out most current operational information
because obtaining data of that quality is simply not
that high a priority for people who have got to get
the job done.

Likewise, if we are going to anticipate trying
to use a limited operational trial for validation
testing, we have got to consider the quality of the
data ~s being very important.

Regarding data comparability, in principle you
can use any data that your model can describe and
that you have other reasons for thinking relates to
the specific question you want to answer. So, if
you want to do air decompression, you can go
back in the library or the data bank and look at
the results of other air decompressions; but you
have got to realize that the data may not be
comparable.

For example, the diagnosis of bends from the
days "when men were men" at EDU may not be
precisely the same definition of bends as we would
have from a trial a year ago. You have got to
cross that bridge and deal with that. I am not
saying how you deal with it in detail, but it is an
issue that has to be faced.

Model characteristics can give you a problem,
especially models that have threshold aspects to
them, like regions that are predicted to be perfect­
ly safe. Any model which has a predicted proba­
bility of zero, I think you should stay away from.
I wish I could have gotten Dr. Lanphier to include
that, because in my estimation a probability of zero
should be reserved for theology--we can talk about
it as a target, but we should not believe that it has
any existence in normal life.

DISCUSSION AFfER DR. WEATHERSBY

DR. BENNETT: Dr. Weathersby knows that
through Dick Vano that Duke has adopted that
particular method very strongly. We do use all
those procedures he has listed there now in the
computation of tables. We used them for the
saturation decompression tables that we developed
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and used in Germany for the GKSS dives. It does
give you a very good concept of probability and
risk of decompression sickness. I think it is an
excellent idea.

CAPT HARVEY: In looking at our proposals
for tables for pressurized rescue in the DSRV
situation, we are now at the stage of writing the
manual and recommending our things by the end
of this summer. We are going to include a statisti­
cal estimation of what the reliability is at this stage
of the game as we put them out. I hope this will
set a precedent for others.
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THE ROLE OF ULTRASONIC BUBBLE DETECTION IN
TABLE VALIDATION

R. Y. Nishi and B. C. Eatock

Defence and Civil Institute of Environmental Medicine

Introduction

The major problems in the validation of decompression
ta,bles are the procedures and criteria required to deter­
mme the s~f~ty of the tables. Traditionally, the
absence of chlllcal symptoms of decompression sickness
(DCS) has been taken to be the ultimate indicator of
safety. Acceptance or rejection of a given profile or
schedule has depended on an "acceptable" incidence of
DCS observed in some set number of dives or on
achieving a set number of "clean" dives (Le., with no
DCS). However, there is no standard criterion for
rejecting or accepting dive profiles although Homer and
Weathersby (1) have recently recommended systematic
procedures based on probabilistic considerations. From
a ~tatistica~ point of view, proving the safety of dives
usmg the bmary outcome of DCS vs. no DCS with any
reasonable degree of confidence would require many
more dives than are normally feasible.

The occurrence of DCS is sometimes not well-defined
?ec.a~se diagnosis migh~ rely on a subjective report of
mVISIble symptoms.. MIld symptoms could be ambigu­
ous and a dIver mIght not report symptoms if there
wer~ a pe.rceive~ penalty for doing so. Conversely, an
anXIOUS dIver mIght report having DCS when the pain
had another origin. In reviewing previous work it is
also evident that there are some questions reg~rding
symptoms of DCS and what constitutes a "bend". The
criteria used for determining DCS has changed over the
years and dive profiles which may have been classified
as acceptable in the past may no longer be considered
safe.

What is needed is a more objective method for supple­
menting the traditional DCS approach to assist in mak­
ing a decision on the safety or risk of dive profiles
without having to test a prohibitive number of dives.
Ultrasonic monitoring of divers for bubbles can provide
such a method. There are two techniques which can be
used for monitoring bubbles. The first is the ultrasonic
scanning method which enables the detection of gas
bubbles in tissues. The second is the Doppler method
which enables the detection of moving gas bubbles in
the circulatory system. Both methods have their
advantages and disadvantages. As ultrasonic methods
for monitoring decompression have been reviewed by
Powell et al. (2), and Brubakk (3), only a brief descrip­
tion of methods will be given here.

Ultrasonic Scanning/Imaging Methods

Ultrasonic scanning methods appear attractive because
they enable monitoring of locations where DCS can
occur. Combined with acoustic imaging systems a
visual representation of gas bubbles may be obtaided.
Generally, the equipment required is expensive and
bulky, requiring sophisticated electronics and extensive
signal processing -and computer analysis to differentiate
between the background echoes from tissue interfaces
and echoes which were not previously present and
which may indicate bubble events. There is some prob­
lem in quantifying the results. The method is particu­
larly sensitive to movement artifacts and it is desirable

to have the subjects restrained, or the portion of' the
body being studied placed in a support to prevent
movement. Ideally, one subject should be monitored
continuousl!. Reproducibility becomes a problem when
many subjects must be monitored after a dive.
Although a particular spot on the body may be moni­
tored, this could be a disadvantage if bubbles form else­
where. in. th~ body rather than at that spot.
Scannmg/Imagmg systems are better suited for labora­
tory use rather than for routine use in validating
tables.

Doppler Methods

The Doppler ultrasonic bubble detector is based on
equipment originally developed for the measurement of
blood flow. Because bubbles are much stronger
reflectors of ultrasound than the particles which are
normally in the blood, they can be easily detected over
the background signal from the blood. Doppler bubble
detectors can be either continuous wave (CW) or pulsed
systems.

The CW system is by far the simplest and generally the
most useful. It is the one used mainly for bubble detec­
tion following decompression. The units designed
specifically for decompression applications are relatively
low cost instruments and are designed for monitoring
the precordial region, either the pulmonary artery or
the right ventricle of the heart. Other veins, such as
the subclavian or the inferior vena cava can also be
monitored with these units. The normal method for
detecting bubbles is to listen to the signal from the,
bubble monitor through headphones and identify and
classify the bubbles according to some classification
scheme such as the one developed by Kisman and
Masurel (4,5) or Spencer (6). It requires extremely
skilled and well-trained observers to do a consistent
and reliable job. The signal in the precordial region is
extremely busy, with contributions from the blood flow,
heart valve action, and heart wall motion. Because
human judgement is required, the results are subjective
and in some cases, the interpretation can vary among
observers.

A pulsed Doppler system may provide more flexibility
and sensitivity for bubble detection than a CW system
because it allows "range-gating" to narrow the sample
volume and thus diminish some of the background sig­
nals. It may allow better targetting of peripheral veins.
The electronics required is more complex and the equip­
ment becomes more expensive. In the experience of
DCIEM, there is no significant advantage over CW sys­
tems for a well-trained observer.

The Doppler system can be combined with two­
dimensional scanning systems as in the echocardiograph
to detect bubbles inside the heart. The images can be
presented in color to obtain an effective visual represen­
tation of the bubbles present in the blood flow. Indica­
tions are that the sensitivity is similar to that of con­
ventional Doppler systems (2,3). However, the equip­
ment required is large and very costly thus restricting it
essentially for laboratory use.

Page 133.
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Automatic Bubble Detection Systems

Because of the human element in the detection and
classification of bubbles, there have been several
attempts at developing instruments to automatically
identify and count bubbles. Most of these rely on the
differences in the Doppler signal spectrum between the
bubble-free signal and that with bubbles. Some sys­
tems used banks of filters or a comb filter to selectively
look a specific frequency ranges. Brubakk (3) has
described another approach using the difference in the
amplitude or intensity between the signal from the
flowing blood and that from gas bubbles. The DCIEM
approach has been to compute the energy density spec­
tra in a digital computer and compare successive spec­
tra to identify bubble transients. Most automatic b'.1b­
ble detection schemes seem to have some success with
animal studies where the Doppler ultrasonic transduc­
ers can be implanted around a vein and where the
background signal is relatively simple. However, the
different methods have not been as successful for the
human case with the signal being monitored transcu­
taneously in the precordial region because the signal is
so complex with artifacts that look like bubble tran­
sients and have similar frequency spectra.

In the DCIEM approach, some success has been
achieved with human data. The conclusion reached
was that advanced signal processing involving pattern
recognition and artificial intelligence techniques would
be required to be able to discriminate between sources
of signals which occur on a regular basis (such as valve
action and heart wall motion) and signals which result
from bubbles. This discrimination and recognition of
signals is normally done by the human observer who
uses judgement based on past experience and memory
of pre-dive reference signals.

Identification and classification of bubbles are still best
done by human observers. Although there are some
problems with subjectivity, human observers are more
accurate overall for human subjects than are automatic
bubble detection systems. Automatic bubble detection
systems are more costly and at the present time res­
tricted to laboratory use.

Ultrasonic Monitoring for Table Validation

!t must be kep~ in ?lind that the aim of using ultrason­
ICS for the vahdatlon of tables is not necessarily the
same or as extensive as for studying the mechanisms or
mode.ls of decom:rres~ion and DCS. The main purpose
of usmg ultrasolllcs IS to obtain comparative informa­
tion to assist in determining whether or not a table is
safe or hazardous. If ultrasonic methods are to be used
by all involved in validating tables, then all testers
should be using a common system. Such a system
should be widely available, relatively inexpensive, easy
t? use, allow monitoring of subjects quickly, be rela­
tIvely accurate, valid and reliable. It is important that
procedures be standardized for carrying out the dives
monitoring divers, analysing data, and reporting of
results to provide a common basis for decompression
table validation.

Of the ultrasonic methods described briefly above the
Doppler method is the most useful for routine moditor­
ing and providing the most useful, on-the-spot informa­
tion to assist in evaluating the decompression stress of
a dive profile. (It should be noted that the Doppler
system is useful only for post-dive analysis and not for

controlling or managing decompression. The only
exception is during decompression from saturation
when the Doppler information can be used to control
the decompression profile). The scanning/imaging sys­
tems are generally too large and expensive for routine
use and impractical for a large number of subjects at
one time. Such systems are more suited for laboratory
use. On the other hand, the Doppler system, in partic­
ular, the CW system, is battery-operated, portable,
compact, inexpensive, rugged, and easier to use for rou­
tine monitoring of a large number of subjects after a
dive.

In recent years, the Doppler ultrasonic bubble detector
has become more widely used as a means to evaluate
the safety of decompression procedures and validate
tables. DCIEM has been using this technique exten­
sively since 1979. In particular, the development, vali­
dation and acceptance of the new DCIEM/Canadian
Forces Air Decompression Tables was based on the
results from Doppler monitoring. These results were
used to supplement the information obtained using the
traditional method of DCS vs. no DCS. Currently,
DCIEM is developing a new set of helium tables using
Doppler monitoring as a critical element in the valida­
tion process. DCIEM uses the Sodelec DUG and the
TSI Doppler Ultrasonic Bubble Detector (this latter
unit has been designed specifically for DCIEM).
Sources for commercially available Doppler bubble
detectors are given in Appendix 1. The bubble
classification method used is the KM method which was
developed jointly by DCIEM and the Centre d'Etudes
et de Recherches Techniques Sous-Marines, France.

Other laboratories or organizations which have been
using the Doppler bubble detector for manned dive
testing include CERTSM, US Navy Experimental Div­
ing Unit, US Naval Medical Research Institute, US
Naval Submarine Medical Research Laboratory, the
Admiralty Research Establishment (PL) in the U.K.,
NUTEC in Norway, DFVLR (Germany), IAPM (Seat­
tle), and Duke University. Many of these organizations
are now using the KM method for classifying bubbles.

Standardized Doppler Monitoring Procedures

The following recommendations for Doppler monitoring
are based on DCIEM's procedures.

Frequency of monitoring. The objective is to obtain a
history of bubble production for each subject in the
dive. It is not generally possible to monitor the divers
continuously, thus the divers must be monitored
periodically. For most non-saturation dives, monitoring
should begin soon after the divers reach the surface,
and should be repeated at half-hour intervals for at
least two hours. Delays of an hour or more have been
observed before bubbles were detected, and elevated
bubble counts have been observed, in some cases, for
periods longer than six hours following severe dives less
than an hour in duration.

Monitoring sites on the body. Only moving intravas­
cular bubbles can be found with the Doppler method.
The primary site to be monitored should be the right
ventricle (the precordial site) since an estimate of the
rate of bubble production for the entire venous system
can be obtained, assuming that the bubbles persist long
enough to reach the heart. To supplement observations
from the precordial site, the subclavian veins (both left
and right shoulders) can be monitored. Bubble signals
at these sites are unambiguous; however, they should
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not be used as an alternative to the precordial site
because they do not cover the whole body.

Subject position. The subject should be standing or
lying down for the evaluation. Either position produces
good results, so the choice can be dictated by conveni­
ence. The evaluations should be done for two condi­
tions - one with the subject at rest, and another after
the subject has moved in some defined way. For exam­
ple, for the precordial evaluation, a standing subject
would do a deep knee-bend - squatting down and
standing up, in a smooth, continuous motion. For the
subclavian site, the subject would clench his fist. The
movement case is useful because it often produces a
shower of bubbles that are easily identifiable.

Doppler hardware and training. The instrument used
should be a simple continuous-wave (CW) Doppler
ultrasonic device operating at 5 MHz developed
specifically for detecting bubbles (see Appendix 1). CW
Doppler instruments developed for clinical use tend to
lack sensitivity and durability. Monitoring is done by
trained observers listening to the signals through head­
phones. Training of the observers should be according
to the Kisman-Masurel (KM) method (5) or the Spencer
method (6). Both methods give similar results but it is
believed that the KM method is easier to learn and use.

Signal classification. The bubble signals are converted
into "bubble grades" using the KM or Spencer signal
classification method. In the KM method (Appendix 2),
a 3-digit code represents the approximate number of
bubbles heard in each cardiac cycle, the percentage of
cardiac cycles with that approximate number of bub­
bles, and the amplitude of the signal relative to the
background cardiac sounds. This 3-digit code is con­
verted into a global bubble grade categorized by 0, I, II,
III, and N. The grades can be further divided with +
and - to get better resolution. In the Spencer method
(Appendix 3), the number of cardiac cycles with bub­
bles is only considered. Bubble grades are from 0 to
N. It is recommended that bubble grades be
represented as Roman numerals rather than Arabic
numerals to emphasize that these grades represent
classifications and not numbers.

Recording of data and presentation of results. Accu­
rate record keeping is a necessity. For each monitoring
session of the subject, three assessments of the 3-digit
KM code should be obtained and recorded for each site
and condition (i.e., precordial, rest and movement; left
subclavian, rest and movement; right subclavian, rest
and movement) with the time of observation relative to
the start of decompression or, alternatively, when the
surface was reached. The KM code can then be con­
verted to bubble grades. In addition to recording the
information on paper in a standard format, the audio
signal from the Doppler bubble detector for each assess­
ment should be recorded on magnetic tape for future
reference and review. Each record should be clearly
identified with the name of the subject, the monitoring
location and condition, and the time of observation.

Reporting and analysis of the bubble information is an
area that still requires some definition. The most con­
venient method is to present the peak bubble grades for
all subjects in a particular dive in tabular form or
graphically in a histogram. This allows a ready com­
parison between different dive profiles and can show the
relative decompression stress of the profile. Statistical
analysis of the data must be done with some care.
Doppler data belong to a class of data called categorical
data. Parametric tests such as t-tests or arithmetic
operations such as means and variances should not be

applied to bubble grades (7). Appropriate statistical
techniques involving non-parametric statistical tests
exist and should be used.

Bubbles as Indicators of Decompression Stress

If the association between bubbles and DCS could be
established, the criterion for accepting or rejecting
profiles could be expressed as a function of the bubbles
observed. Doppler-detected bubbles are not normally
believed to be the cause of DCS, but their presence in
the circulation may be indicative of bubbles elsewhere
in the body. Large numbers of bubbles are not neces­
sarily accompanied by DCS, nor do they directly lead
to observable symptoms of DCS. However, the risk of
DC~ does appear to be increased as incidents of DCS
are generally accompanied by bubbles. Furthermore,
there is some evidence that intravascular bubbles may
cause subclinical damage that may have long-term
effects; thus dives which produce many bubbles should
be avoided (8).

There have been several surveys of Doppler data which
have shown a relationship between intravascular bub­
bles and DCS. Table 1 shows the percentage of DCS
events vs. bubble grades from DCIEM dives and from
other sources (9,10). The DCIEM results include a mix
of dives all done on air, including no-decompression
dives, decompression on air only, with oxygen
decompression, and surface decompression with oxygen.
(Grade N bubbles at rest are relatively rare and the
results shown are for only 2 subjects (1 DCS)). The US
Navy results include both bounce and saturation dives
on nitrogen-oxygen and helium-oxygen and the Duke
University dives are bounce dives on nitrogen-oxygen
and helium-oxygen. The "Other" dives, from a variety
of sources, are all air except for 17% on helium. These
dives include some DCIEM air dives as well.

Table 1. Percentage of DeS YS. Precordial Bubble Grades

Source N
Bubble Grades

0 I II ill IV

DCIEM
Rest

1539
0.8 0.8 5.5 14.0 50

Move 0.5 3.3 5.0 7.9 13.9

USNavy(9)
Rest

472
2.5 2.6 5.3 10.5 0

Move 3.0 0 2.6 2.9 42.9
Duke(10) Move 540 1 1 0 19 41

Other(10)
Rest 834 0 6 10 31 35
Move 850 0 1 1 13 33

Table 1 shows that, in general, the incidence of DCS is
higher for the higher bubble grades and that the
incidence of DCS is low when few or no bubbles are
detected. Thus, for the purposes of table validation,
we can say that dives which produce many bubbles in a
majority of the divers can be considered to be stressful
with a higher risk of DCS and should be avoided. Con­
versely, dives which produce few or no bubbles in the
majority of the divers can be considered safe. To
establish some simple criterion for estimating the
acceptability of a table, DCIEM has selected, as a limit
dives which produce bubbles of Grade II or greater i~
50% or more of the subjects as being stressful. This
figure is arbitrary and may possibily have to be
changed as more data are acquired for table validation
by different organizations.
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Factors that complicate dive table validation with the
Doppler bubble detector are that individual divers can
be variable and respond differently to the same dive
profile at different times. There may be considerable
differences in the response among different subjects.
Thus it is necessary to use some judgement in inter­
preting the results.

There are two main advantages to using Doppler moni­
toring. Doppler monitoring provides more data than
observing the incidence of DCS. For example, in the
1539 DCIEM dives, bubbles were observed in 34%,
whereas only 2.6% resulted in DCS. Thus not as many
dives are required to establish a safe table as are
required if DCS is the only criterion. It is often possi­
ble to use bubble observations to compare the results of
two dives, even in the absence of DCS. If no bubble
results were available, it would have to be concluded
that there were no observed differences. However, one
profile may generate many bubbles in most of the sub­
jects whereas the other may generate only a few bub­
bles in the subjects; thus a difference between the two
profiles becomes evident. In addition, in the absence of
DCS and bubble results, there may be no way to deter­
mine how close to the DCS threshold these dives are.
It is unlikely that an experimental dive program, for
example, to determine a DCS threshold, would be
approved today if a high incidence of DCS were con­
sidered likely. As decompression procedures become
safer, decompression testing could involve profiles that
produce few or no cases of DCS, hence making the bub­
ble results more important. It should be noted that
one need not "bend" divers to know whether or not a
dive is safe.

Bubble results are more objective than DCS results.
Although there is some subjectivity in classifying bub­
bles, well-trained observers will generally be able to
identify the presence of bubbles. Success in detecting
bubbles depends on the vigilance of these highly
trained observers, and although bubbles can sometimes
be hard to detect, the results cannot be hidden by the
diver. As indicated earlier, divers may sometimes not
report symptoms of DCS or conversely, report symp­
toms, because of apprehension and uncertainty, which
may not be directly attributable to the decompression.

The main disadvantage of Doppler ultrasonic bubble
detection is that it is time-consuming and labour­
intensive. For a typical bounce-dive, the divers should
be monitored periodically for several hours following
the dive. The work becomes tedious, but demands con-·
centration.

Summary

~ltrasonic bubble detection can have an important role
III the process of decompression table validation. The
poppleI' ultrasonic bubble detector, at the present time,
IS the most useful and can give comparative informa­
tion as to the decompression stress of the dive even in
the absence of DCS. Thus ultrasonic bubble detection
can give far more information than the traditional DCS
vs. no DCS approach with fewer number of dives. It is
not necessary to bend divers to determine if dives are
unsafe. However, it is important that all table testers
standardize on procedures and methods so that there is
a common basis for comparing results.
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Appendix 1

Suppliers of Doppler
Ultrasonic Bubble Detectors

a) Techno Scientific Inc., 60 Caster Avenue
Woodbridge, Ontario, Canada L4L 4X2

b) Sodelec, 31, Traverse Prat,
Pointe-Rouge, 13008 Marseille, France

c) Institute of Applied Physiology and Medicine
701 - 16th Avenue, Seattle, Washington, USA 98122

Appendix 2

The KM Code for Classifying Bubbles

Three parameters are used to describe the bubble signal
(Ref. 4,5). Each parameter is assigned a classification
from 0 to 4. The first, frequency, represents the
number of bubbles per cardiac period (Table AI).
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Table AI. Frequency parameter

Code Frequency (f)
0 0
1 1 - 2
2 several 3 - 8
3 rolling drumbeat 9 - 40
4 continuous sound

For code 4, the bubbles are so numerous that they can­
not be individually distinguished.

The second parameter differs for the two monitoring
conditions - rest and movement (Table A2). For the
rest condition, it represents the percentage of cardiac
periods having a specified bubble frequency. For the
movement condition, it represents the number of suc­
cessive cardiac periods having at least a specified bub­
ble frequency (Le., the first parameter) following the
movement. The first such period must occur within 10
heart beats following the movement.

Table A2. Percentage/ duration parameter

Code Rest Movement
Percen tage (p) Duration (d)

0 0 0
1 1 - 10 1 - 2
2 10 - 50 3 - 5
3 50 - 99 6 -10
4 100 > 10

The third parameter is the amplitude of the bubble sig­
nal, which is compared to the amplitude of the normal
cardiac sounds (Table A3).

Table A3. Amplitude parameter

Grade Amplitude (a)
0 no bubbles discernible
1 barely perceptible, Ab < < Ac
2 moderate amplitude, Ab < Ac
3 loud, Ab ~ Ac
4 maximal, Ab > Ac

The three parameters are combined in the form 'fpa'
for the rest case and 'fda' for the movement case to
give the KM code for each assessment. This KM code
is reduced to a single Bubble Grade (g) according to
Table A4.

Table A4. KM Code --+ Bubble Grade

fpa
g

fpa
g

fpa
g

fpa
gfda fda fda fda

111 1- 211 1- 311 I 411 II-
112 I 212 I 312 II- 412 II
113 I 213 1+ 313 II 413 II+
114 1+ 214 II- 314 IT 414 ill-

121 1+ 221 IT- 321 II 421 ill-
122 II 222 II 322 II+ 422 III
123 II 223 II+ 323 III- 423 III
124 II 224 II+ 324 III 424 III+

131 II 231 II 331 III- 431 III
132 II 232 III- 332 III 432 III+
133 III- 233 III 333 III 433 IV-
134 III- 234 III 334 III+ 434 IV

141 II 241 III- 341 III 441 III+
142 III- 242 III 342 III+ 442 IV
143 III 243 III 343 III+ 443 IV
144 III 244 III+ 344 IV- 444 IV

Appendix 3

The Spencer Scale for Classifying Bubbles

The Spencer scale is used for precordial signals with the
subject breathing quietly and otherwise motionless in a
sitting or supine position (Ref. 2,6).

Grade 0 A complete lack of bubble signals.
Grade 1 An occasional bubble signal discernible with

the cardiac motion signal with the great
majority of cardiac periods free of bubbles.

Grade 2 Many, but less than half, of the cardiac
periods contain bubble signals, singly or in
groups.

Grade 3 All of the cardiac periods contain showers of
single-bubble signals, but not dominating or
overriding the cardiac motion signals.

Grade 4 The maximum detectable bubble signal sound­
ing continuously throughout systole and dias­
tole of every cardiac period, and overriding
the amplitude of the normal cardiac signals.
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DISCUSSION FOLLOWING MR. NISHI

CAPT HARVEY: NSMRL has had the pleasure
of working with DCIEM for some time. We have
been using dopplers for 17 years that I know of at
NSMRL. There is an art to using a doppler.
There is an art to getting the signal correctly and
there is an art to interpreting it. We have tried
double blinds; we tried lots of approaches. Cur­
rently, we are interpreting it ourselves, then we
have it reinterpreted at DCIEM to try to get some
kind of consistency. My question is: How much
of the poor correlation between doppler results
and decompression sickness results do you think is
due to errors in the art of "dopplering?"

MR. NISHI: There is probably quite a bit. Even
among our observers, we have some differences.
If there is some difficulty in a particular individual
who is being monitored, the observer may ask
someone else to check the original. Brian Eatock
who used to head up the doppler team sometimes
got his group together after a dive series and they
would review some of the recorded signals. They
would all listen to the same signals and each one
would give his evaluation of the signal. We tried
to keep everyone talking on the same terms.

CAPT HARVEY: As a follow-on to that ques­
tion, do you think that computer analysis, if you
will, artificial intelligence to interpret, will offer us
much improvement.

MR. NISHI: It could help, but somebody is going
to have to come up with a lot of money to de­
velop this system. We have spent over $200,000
on our system and we are going to give it up since
it is not really worthwhile to continue.

DR. LAMBERTSEN: If you picture that the
appearance of bubbles is an undesirable conse­
quence of decompression, and now the non-ap­
pearance of bubbles is causing trouble elsewhere,
how can you relate constructively the doppler
measurement to any but the more rapidly evolving
components of gas, as opposed to the less rapidly
evolving components that do cause the pain and
the spinal injury? It should be recognized that
the bubbles that you are seeing are part of the
problems and the bubbles that you are not seeing

are part of the problem. To try to correlate the
bubbles you are hearing with those that are hurt­
ing may not be possible.

MR. NISHI: There are difficulties. It is not a
perfect tool, but it is a good tool to give you sup­
plemental information.

Just another comment on the high bubble
grades. Masurel recommends that people be
treated with surface oxygen for Grade III bubbles
at rest and be recompressed for Grade IV.
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DEVELOPMENT AND VALIDATION OF DEEP BOUNCE AND OTHER
DECOMPRESSION PROCEDURES IN THE LABORATORY

Peter B. Bennett, Ph.D., D.Sc. and Richard D. Vann, Ph.D.
F.G. Hall Laboratory

Duke University Medical Center

Deep Bounce Dive Development and
Validation

It is not proposed to repeat here the
full details concerning our 1974-75
work on the "Theory and Development of
Sub-Saturation Decompression Procedures
for Depths in Excess of 400 Feet" which
is available elsewhere (1). Neverthe­
less in order to understand the
philosophy of validation of deep
decompression tables in the laboratory
in the early 1970's compared to current
problems, it is necessary to review
briefly what was done.

During the 1970's commercial diving
companies were extending their diving
depths to 400 and 500 ft and needed
short 30 min or so bottom times. Com­
panies competed for business quite
often on the basis of the time for such
dives. The less the time, the lower
the cost and the greater likelihood of
obtaining a contract. However, if
decompression sickness (DCS) developed,
then it would increase the time and
costs. Companies therefore developed
their own tables and were highly secre­
tive about their development, degree of
testing, or DCS incidence in use.

The incidence of DCS for field use of
such tables was believed to be some 10­
30% and there was also considerable
oxygen toxicity in the form of numbness
of fingers and toes, shortness of
breath, etc. New regulations in the
North Sea and Norwegian operations off­
shore required evidence of the safety
of decompression tables prior to use
which increased the need to validate
such tables.

Thus at Duke's F.G. Hall Laboratory an
unusual combination of private, univer­
sity, government and commercial re­
search funds were brought together to
develop and test decompression tables
to 500 ft. This would be done in the

sophisticated chambers of a major medi­
cal center, utilizing the Institutional
Review Board (IRB) procedures for human
experimentation developed by NIH for
use by active, research involved, medi­
cal centers.

The financial support for the work to
be done was provided by the Harbor
Branch Foundation and Oceaneering In-

ternational Inc. who also provided pro­
prietary information on tables, and
company employed commercial divers.
International Underwater Contractors
also provided support.

Procedures for such work, then as now,
is first to submit to the Duke IRB a
statement of the research to be done,
by whom, with what subjects, and
where. Over the years the requirements
of the IRB have become stronger. Thus
any use of government funds for human
research requires automatic review by
the IRB. This determines that the
rights and welfare of the subjects in­
volved are adequately protected and the
risks to an individual are outweigned
by the potential benefits to be gained
by the knowledge obtained, and also
that informed consent is to be obtained
by methods that are adequate and ap­
propriate. In addition, a basis for
annual continuing review is required
with an annual report of progress and
any problems that occurred. Full
details of the procedures are given in
"The Institutional Guide to DHEW Policy
on Protection of Human Subjects" (2);
"Protection of the Individual as a Re­
search Subject" (3) and "Protection of
Human Subjects" (4).

The basic elements of informed consent
are:

1. A fair explanation of the procedure
to be followed including an identi­
fication of those which are experi­
mental.

2. A description of the attendant dis­
comforts and risks.

3. A description of the benefits to be
expected.

4. A disclosure of appropriate
alternative procedures that would
be advantageous for the subject.

5. An offer to answer any inquiries
concerning the procedures.

6. An instruction that the subject is
free to withdraw his consent and to
discontinue participation in the
project or activity at any time.

Page 139.
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In addition, the agreement should in­
clude no exculpatory language through
which the subject is made to waive or
appear to waive any of his legal rights
or release the institution or its
agents from liability for negligence.
Consent forms are signed and witnessed.

Therefore a full report of what was in­
tended to be done was submitted to the
IRB explaining we would be utilizing
fully trained commercial divers who
would likely be already diving to such
depths in the ocean plus an appropriate
consent form outlining the risks of
pressurization including decompression
sickness, sinus or ear problems, asep­
tic bone necrosis and equipment fail­
ure.

Certain requirements also were re­
quested for the finished tables by the
companies concerned. These included:

(a) Avoidance of CNS decompression
sickness

(b) No DCS deeper than 60 ft
(c) No vestibular DCS
(d) Optimal use of 02 without toxicity
(e) Minimal use of BIBS (Built In

Breathing System)
(f) Simple table design for easy com­

prehension
(g) Minimal number of gases
(h) Use of stages rather than linear

ascent.

An arbitrary test standard of 12 no DCS
dives was agreed. Bottom gas was
standardized at 93% He/7% 02. Two
dives per week were planned by 3 or 4
subjects with one subject working with
his arms (V02 0.6 - 2.33 l/min) while
wearing standard commercial diving
equipment in cold water. Compression
rate was set at 100 ft/min with a bot­
tom time of 30 min. Precordial doppler
was used to determine the presence of
bubbles during the decompression.

No theoretical concept of table devel­
opment was proposed initially. Instead
the research started by evaluation of
an 'in use' Oceaneering table called
"the parent". This table had been cal­
culated using Haldanian concepts with a
ratio and tissue half-time matrix ac­
quired through empirical operational
experience. The table had two prob­
lems, vestibular DCS at the air change
at 160 ft, and Des Type I at 30 to 50
ft. The table was 636 min long and
used a lot of oxygen for a Unit Pul­
monary Toxic Dose of 838.

Development and validation of the table
now became an empirical serial event
(Table 1). Thus the air shift was
dropped to 130 ft and the deeper stops
were extended. Tables A-D were com­
piled and tested. A and B with 20 mins

bottom time had no Des in 12 dives with
a UPTD of 755. However at 30 mins the
C, D versions produced Des in 2 'wet'
divers at 100 and 110 ft and a further
incident at 15 ft.

At this time a theoretical Haldane
matrix was applied using 16 tissue half
times between 5-600 mins and the ratios
of N2 + He/ambient calculated at each
10 ft depth increment. From this the
limiting ratio (the highest) was re­
corded for each depth.

Table development then consisted of
reducing the ratios appropriately and
the new table tested. In this series
of tables the precordial doppler proved
useful as bubble sounds were well cor­
related with the likelihood of DCS.

However in the ensuing tables Des oc­
curred consistently at 20-50 ft in the
cold, wet working diver. By table J
the ratios from 500 to 200 ft were
reduced significantly to 1.06 to 1.08
from 1.13 to 1.14. After 9 safe man
dives, vestibular Des occurred at the

'140 to 130 ft air change. This was
therefore dropped to 100 ft. By now
the UPTD was too high at 922 and post
dive Des was occurring.

It was decided then that Haldane con­
cepts did not seem practical and to ex­
amine diffusion and nil-supersaturation
methods instead. Without a lot of
detail here, these tables, which in­
volved a 5 ft/min air ascent to the
surface from 25 ft, later modified with
pure oxygen from 30 ft, continued with
monotonous regularity to produce Des
limb pains not selective for the wet
working diver (Table 2).

Finally a Haldane model was used for
the first part of decompression to 190
ft and then the diffusion model to the
surface. This produced Table 500 X
which had a UPTD of 780 and a total
time of 757 mins. It produced no Des
in 22 man dives. This included two
dives from a lock-out submersible at
sea.

Interestingly in the nil-supersatura­
tion tables, where diffusion constants
were utilized, the Des was random be­
tween working and non-working divers
and no doppler bubbles were heard.
With the perfusion limited Haldanian
method, bubbles were heard-and the Des
was predominantly in the wet working
diver.

Over a period of 15 months, 113 dives
were made during 1974-75 to 500 ft and
600 ft with 374 man exposures. There
were 55 cases of Des for an incidence
of 14.6%. Treatments used mostly U.s.
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Table 1. Haldane-ty~e tables

Depth Parent clo Oepch

l.43 1.32 1.32

l.Z8 l.27 l.Z7

1.38 1.27"
1.48 1.48

He/OZ

Air

02/Air

500
450
400
350
300
290
:!80 1.18 1. 14 l..l~

270 l.l~ 1.1.4
260 1.13 i..13
250 l. 20 1.13 l.13
240 1. 20 l. ~3 l. 13
220 l.18 l.13 loU
Z20 1.18 l.14 l.14
210 l.18 1.14 l. 14
ZOO l.19 1.15 l.15
190 l.ZO l.15 1.15
180 1.19 1.14 1.14
170 1.15 l.11 1.11

-;i;.:;~.;.~...;,~,::-::':.:~:.,.:.-:--....;i;:-::T.~~......, i:i~ i :i ~
140 1.09 I 1.09 1.09
lJO 1. 09 1. 09 1. 09
120 l.10 1.11 1.10
110 1.12 l.lJ l.lZ
100 1.08 1.08 1.140.

90 1.07 1.07 1.16
ao 1. a 1. 11 1. 18
70 1.10 1.10 1.19
60 1.12 1.13 1.24
50· 1. 04 l. 05 1.13
40 0.97 l.00 l.06
30" 1.03 l.03 1.09
ZO 1.14 l.10 1.15
16
15
10

8
5

1.Z7

1.32

1.1.4
1.1:'
1.13
l.13
1.lJ
1.lJ
1.14
1.14
1.15
l.15
1.10
1.06
1.0Z
1.01
1.00
1. JZ
1.05
1.09
1.11
1.15
1.18
1.20
1. 25
LIS"
l.09
1.13
1.19

1. 33

l.27

1.32

1.14
1. !.:.
1. 13
l. :3
1.!.3
1.lJ
1.14
1.14
1.15
1.15
LOS
0.99
0.96
0.95
0.95
0.97
0.99
1.02
LOS
1.09
1. .14
1.18
1.18
1.12
1.03
1.14
1.Z9"

1.63

500

330

305

255

Z35

215
ZOO
190
180
liO
160
150
l40
130
120
110
100

90
80
iO
60
SO
40
30
20

15
10

1. 34

1.25

1.2:!

1.16

1.16

1.17
1.16
1.15
1.15
1.10
1.11
1.11
1.09
1.07
1.07
1.09
1.09
1.11
1.13
1.16
1.11
1.14
1.03"
1.06
1.:4

1. 60

1.34

1.2Z

1.21

1.15

l.16

1.17
1.16
1.15
1.15
1.12
1.11
l.11
1.09
1.12
1.12
1.12
l.11
l.11
LIZ
~.15

1.10
1.03
l.OZ"
1.07
1.Z5

1.61

1.27

1.32

1.13
1. 13
1.13
1.lJ
1.14
1.1.4
1.15
1.15
1.12
1.10
1.10
1.09
LiD
1.09
1.08
1.09
1.08
1.09
1.09
1.10
1.0Z"
1.01
1.08
1. 26

1.09 1.01
1. 26

1.18
1.15

1. ~6 1.lJ
1.~5 1.~O

1.:'; 1. J8
1. I) !..26
1.:3 ~. JO
1.06 1.06
1.06 1.06
1.07 1.07
1.07 l.07
1.07 1.07
l.07 l.07
l.07 1.07
l.07 1.06
l.08 1.06
l.08 1.06
l.08 1.07
1.08 Vest" 1.07
1.0, ; 1.07

i:~~ I i:~~
1.05 ~
LOS 1.08
1. 06 1. 28
1. 09 l. 08
0.99 0.98"OZ
1.04 l.00
l.04 0.98
l.03 1.15
1.19 1.20
1. 30 1. Jl

1.57 1.58

1.01 1.01
l.26 l.26

1.15 1.15
1.lJ 1.lJ
1.10 1.:0
1.25 1.J8
_. __ :.)0

~.;6 1.J6
1. 25 1..:)6
1.06 ".J6
1.0, La,
l.O' 1.0,
1.0 l.07
l.07 l.07
1.0, 1.07
1.06 1.08
1.06 1.07
1.06 l.07
l. 07 1.09
1.0, 1.09
l.07 1.08
l.08 1.09
l.08 1.08
1.08 l.08
l.08 l.08
1.08 1. 09
1.08 1.08

--r:og- 1.09"
1. 06 1. 06"02
l.09 1.09
1. 2E 1.;:2
1.31 l.59
1.45

1. 74

1.46 1.56 1.6Z* 1.96 1.66 1.60 1.61 1.63 1.75 1. 76 1.74 1.76

Tocal Ti:ne

02, UPTO
?roolecs

::0 Exposure

636 575 585 624 749

838 755 6,7 721 986
4 1 1

12 ZO 12 6

629 5iO 617

Oz 783 02 ,88 819
III
3 3 6

74Z

842

796 971
(4 hr ?osc*)

92Z 84,
1

12

849

Table 2. DiffusionlNil Supersaturation Tables

Schedule

POPPA 1

POPPA 2

QUEBEC

ROMEO

SUGAR

TANGO

UTAH

VICTOR

VICTOR (2)

VICTOR (3)

WHISKEY

X-RAY

Depth,
First
Stop

220

220

250

250

250

250

220

220

210

210

210

310

Last
Stop To Surfacing
Surface Ratio

25 Air 2.41

30 Air 2.49

30 Air 2.76

25 Air 2.22

25 Air 2.38

25 Air 2.49

25 Air and 02 2.34

25 Ai rand 02 2.36

25 Air and 02 2.~3

25 Air and 02 2.30

15 Air and 02* 2.22

10 Air and 02* 2.22

He
Constants

42/190

421190

42/190

39/230

40/210

41/190

41/ 190

41/210

41/210

41/210

41/210

41/210

N2 Total
Constants Time

34/190 915

34/280 880

32/330 826

32/330 1017

32/330 976

32/330 865

32/330 863

321330 833

321330 856

32/330 875

32/330 688

32/330 757

721

714

735

823

772

710

713

713

742

787

712

780

Bends Incidence

All 3 divers, no bends, no bubbles

TC, knee pain 4 hr post-dive
OM, mild shoulder 1 1/2 hr post dive

DF, both knees 5 hr post -di ve
CM, onset depth 7 ft, right knee
PK, bubbles (wet)

6 clear

3 clear

DF, s Iight bubbles on surface
DF, knee pain 8 hr post-dive, 2 clear
SN, knee pain 8 hr post-dive, 2 clear

(wet)

JB, 2-3 ft, left knee (wet), 8 clear

CM, 10 ft, both elbows (wet), 5 clear

JM, both knees at 6 ft (wet), 10 clear

JM, 1 hr post-dive, left knee,S clear

JB, 42 min, right knee, 1 clear
OM, 3 1/2 hr, both knees (wet)

20 clear

*Alternating air and oxygen.
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Navy Table V but for cases deeper than
30 ft a procedure developed at Duke was
utilized which was completely success­
ful.

The table X-Ray was eventually utilized
offshore commercially in very arduous,
very cold (55-60°F) work condition with
divers wearing unisuits. They could
only stay down 20 mins due to being so
cold, and simple limb pain Des occurred
at 100 ft. This also occurred in bet­
ter conditions and the table was known
for its risk of Des at 100 ft and was
dropped after 6 months.

In fact on the basis of this and other
failed attempts to generate Des free
tables to 500 ft or 600 ft commercial
companies later switched to saturation
decompression procedures for depths
deeper than 350 ft and those depths
still are regarded as most difficult
for 'bounce' diving decompression.

In the light of this work does table
validation in the Laboratory make
sense? It is pertinent that the Royal
Navy tested deep oxygen-helium tables
in the 1960's first in the dry chamber,
then in a large 'wet' simulator and
finally at sea off the dive support
vessel HMS Reclaim. No problems were
experienced until the final sea trials
in the Mediterranean when Des was expe­
rienced on virtually every dive! The
trials were stopped and the tables
brought back for further testing when
again Des started to appear! The most
likely reason for this was ignoring the
effects of cold. There are many other
experimental factors to be considered
in laboratory validation of decompres­
sion tables if it is to be of practical
value. These are considered below.

Acceptable Decompression Risk

Experience indicates that decompression
sickness (DeS) is a statistical
phenomenon and that a finite Des risk
exists for many dives of useful depth
and bottom time. A practical dive pro­
file should have a low risk but not so
low that reasonable work cannot be ac­
complished. It is desirable that
serious symptoms should be completely
avo~ded, but this may not be possible.
It 1S less,clear what risk is accept­
able for m1nor symptoms which could
vary be~wee~ ?1 and 2% depending ~pon
the ava1lab111ty of recompression
facilities.

T~e no~ion of an acceptable decompres­
S10n r1sk applies to the full depth and
bottom time of a dive and should be
distinguished from the more familiar
diving statistics such as those

reported by Berghage and Durman (5) in
which 16,170 Navy dives between the
years of 1971 and 1978 had a Des in­
cidence of 1.25%. As most of these
were working or training dives, the ac­
tual depths and bottom times were fre­
quently less than those permitted by
the schedules that were used.

The unpredictable nature of d~compres­

sion sickness is, in large part, due to
our inability to measure some of the
key risk factors and to appreciate
their influence. Depth, time, and gas
mix can be measured accurately and are
well known to affect risk, but other
factors such as exercise, adaptation,
immersion, and thermal state are dif­
ficult to measure in the laboratory,
let alone in the field, and are fre­
quently ignored during decompression
tests. There is both physiological
basis and empirical evidence that the
conditions under which decompression
trials are conducted are important
determinants of risk. If these condi­
tions are not well defined and tightly
controlled and if the decompression
procedures are used in the field under
other conditions, a different risk will
apply (6,7).

The solution to this problem might ap­
pear to be to opt for maximum safety
and to test under the worst conceivable
conditions which would rarely be en­
countered. Unfortunately, this might
increase the decompression time by a
factor of 3 or more in situations where
much shorter decompressions would suf­
fice. This problem is illustrated in
Fig. 1 which shows decompression times
for a series of MK 15 dives to 100 fsw
for 60 min (7).

The x-axis defines the conditions under
which the schedules were tested, and
the y-axis shows the total decompres­
sion time. Each schedule is
represented by a bar graph whose height
is proportional to the decompression
time. The figures at the top of each
bar are the number of Des incidents
over the number of trials. An unfilled
bar indicates a schedule for which Des
did not occur. Dry, resting exposures
required only 40 min of decompression.
In wet trials, where the divers exer­
cised at depth and rested during
decompression, both the Des incidence
and decompression time increased. With
light exercise at an oxygen consumption
of 1 lpm, 90 min of decompression were
required. With moderate exercise at 2
lpm, 115 min were needed, but this was
insufficient to prevent Des during
heavy exercise at an oxygen consumption
of 2.8 lpm.



Scanned for the Undersea and Hyperbaric Medical Society by 
the Rubicon Foundation (http://rubicon-foundation.org/) with support 
from the Divers Alert Network in memory of Dr. Ed Thalmann.

BENNETI and VANN: Development of deep bounce procedures. Page 143.

Because of the uncertainties concerning
Des incidence and acceptable risk,
decompression accidents should be ex­
pected and must be prepared for in
planning a dive. Communications should
be available for notifying an accident
response system (such as the Divers
Alert Network in the United States
(8)), adequate ground or water
transportation should be pre-arranged,
oxygen should be on hand for surface
use, and recompression facilities
should be available within a reasonable
distance. Perhaps more important,
divers should be educated during their
initial training that there are no
magic depth time limits which confer
immunity from decompression sickness or
from diving accidents in general.

How Many Trials per Schedule?

Related to the problem of acceptable
risk is the question of how many times
a dive profile should be tested before
being accepted as safe. Berghage found
that the binomial distribution provided
a satisfactory description of the Des
variability in mice and suggested it
might also apply to humans (9). The
binomial distribution may be used to
relate the Des risk to the confidence
interval·of achieving this risk in a
specified number of tests. Suppose we
wanted to be 95% confident that the Des
risk for a given dive was not greater
than 5%. This confidence interval
could be achieved by 60 tests without
incident, 90 tests with one incident,
or 115 tests with 2 incidents. Homer
and Weathersby pointed out that the
number of required trials could be
reduced to some extent by sequential
analysis which makes use of the order
in a sequence of dives at which an in­
cident occurs (10). By sequential
analysis, there is a higher probability
that a profile is unsafe if Des occurs
in the first trial instead of in the
40th trial.

It would be desirable to test to these
conventional levels of statistical
reliability or to even higher levels,
but the cost and manpower requirements
of the vast number of trials makes this
virtually impossible. Previous testing
programs reflect this difficulty.
Ha.ldane, for example, tested his sched­
ules twice (11). The u.s. Navy Stand­
ard Air Schedules were tested 4 times
(12). During the 1970's, commercial
schedules were tested 12 times (13).
More recent programs have used 20 to 40
tests (7,14). When so few tests are
conducted, it is essential to achieve
the greatest assurance of safety. This
can be accomplished only when no Des
incidents are allowed. A weakness of
this acceptance rule is that a chance

Des incident might cause a safe proce­
dure to be rejected. It is argued,
however, given the historical precedent
that decompression procedures are rare­
ly too safe, that the probability of
rejecting a safe procedure is smaller
than the probability of accepting an
unsafe procedure. It is further
argued that much of the variability of
decompression sickness which is usually
ascribed to chance is rather a failure
to ensure that the conditions of the
trials duplicate the most severe condi­
tions expected in the field.

Testing a Decompression Table

The testing of decompression procedures
frequently involves validation of a
large decompression table which con­
tains many different schedules. It is
usually impractical to test every
schedule in a table, and a selection
rule must be used to define a fair
range of tests. One possible rule ap­
plies a factorial design to incremen­
tally chosen depths and times. Sup­
pose, for example, that an air
decompression table were being develop­
ed for use down to 160 fsw. A 3 x 3
factorial design could be constructed
around test depths of 40, 100 and 160
fsw and decompression times of 0, 30
and 60 min. When the schedules were
released for use after validation, no
dives would be permitted deeper than
the maximum test depth, longer than the
maximum bottom time at 40 fsw, or any­
where outside the bounds of the test
matrix.

If 20 safe tests were required for each
profile in the series, a minimum of 180
man-dives would be conducted. With 20
DeS-free tests, there is a 95% chance,
according to the binomial distribution,
that the Des risk will not exceed 36%.
With 30 safe tests for a minimum of 270
man-dives, the 95% confidence interval
improves to 21%. A 4 x 4 factorial
design would require a minimum of 320
man-dives with 20 tests per profile and
480 man-dives with 30 tests per pro­
file. These are not an unreasonable
number of tests, but if repetitive or
multi-level dives were considered, a
factorial design could require so many
tests that some might have to be
eliminated if the program were to be
practical.

Selection of Schedules Using Likelihood

The selection of test dives might be
facilitated by the method of maximum
likelihood (15). Unlike the binomial
distribution which is limited to trials
of a single profile, maximum likelihood
can be applied to an unlimited number
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Table 3. The relationship between dop­
pler bubbles and Des in 84 incidents
(21 )

Bubbles are frequently detected in the
absence of decompression sickness, and
consequently, they are poor predictors
of decompression risk. Des is rare,
however, when few bubbles are present.
Indeed, Figure 2 gives an impression of
the low risk end of a dose-response
curve where the Des risk rises sig­
moidally from zero to one as the in­
travascular bubble volume increases.
The absence of bubbles, therefore, is a
good predictor of decompression safety.

A breakdown of 84 decompression inci­
dents in Table 3 shows that 87% of all
Des was associated with intravascular
bubble Grades 2, 3, or 4 (21). These
observations strongly suggest that
precordial bubble detection could be a
useful adjunct in the testing and de­
velopment of decompression procedures.
If Grades 3 and 4 bubbles were disal­
lowed, for example, these data show
that the Des incidence would have been
reduced by an order of magnitude from
3.5% to 0.35%, and all serious symptoms
would have been avoided.

In summary, the following guidelines
are suggested for the testing of
decompression procedures:

Recommended Validation Procedures

4

19
7

3

29
7

2

119

1

2

o

Reject a schedule as unsafe if
precordial doppler bubble Grades 3
or 4 occur. For greater safety,
reject on Grade 2 bubbles.

Use a factorial design to select
schedules to be tested from a
decompression table.

Require at least 20 to'30 safe
tests per schedule. Do not accept
a schedule if decompression sick­
ness occurs.

Define and control the test condi­
tions. Do not exceed these condi­
tions during field use.

Reject a schedule as unsafe if
decompression sickness occurs.

5.

3.

4.

2.

1.

Bubble
Grade

Type I
Type II

The initiating cause of decompression
sickness is widely recognized as the
formation of bubbles in blood and tis­
sue. It is reasonable to suppose,
therefore, that if bubble formation
could be avoided, decompression sick-
ness would be prevented. When
ultrasonic bubble detection came into
use in the late 60's and early 70's,
the hope arose and was expressed in the
1977 workshop, "Early diagnosis of
decompression sickness", that there
might be "some way of diagnosing
decompression sickness before symptoms
developed" (16). This notion was con­
sistent with the dominant Haldane
decompression theory in which bubble
formation and decompression sickness
were simultaneous events (11). Accor­
dingly, the detection of bubbles would
be grounds for treating a diver and for
rejecting a decompression profile.
When doppler bubble detection showed
that bubbles were frequently present in
the absence of DeS, however, the
Haldanian view led many people to re­
ject ultrasound as of lttle practical
value.

Doppler Bubble Detection

of profiles. This is accomplished by
determining the best fit between a
mathematical model and previous data.
Maximum likelihood not only predicts a
risk for a particular profile but might
also provide a measure of statistical
confidence based upon past experience.
Testing could emphasize those schedules
for which statistical confidence was
low. If the full power of likelihood
is to be brought to bear, however, it
is essential that a large and well­
documented body of decompression data
be assembled and disseminated for wide
use.

A further look at the data, on the
other hand, suggests an alternative
conclusion. Figure 2 shows the rela­
tionship between the precordial doppler
bubble grade according to the Spencer
(17) and Kisman-Masurel (18) scales and
the Des incidence for sub-saturation
diving, altitude exposure, and satura­
tion diving (19Y. The x-axis is the
bubble grade which ranges from Grade 0
with no bubbles to Grade 4 with the
maximum number of detectable bubbles.
It is interesting to note that the dop­
pler bubble detection capacity becomes
saturated at Grade 4 and, in fact, 3 to
4 times more gas can be present in
animals without disastrous results
(20). The y-axis in Figure 2 is the
observed Des incidence at each bubble
grade.
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6. Use maximum likelihood to select
schedules for testing. Omit sched­
ules that are judged to be satis­
factory by previous experience.

DEPTH 100 It (30M)
TIME 60 min
Pro] O.7ArM (BAN)
NESTING DECOMPNESSION

Figure 1. The effect of the dive con­
ditions on decompression time for MK 15
dives to 100 fsw for 60 min (7).
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10. Have informed lawyers check out all
aspects of the planned work to
ensure that all legal aspects have
been covered correctly.

8. Separate the development and vali­
dation operational staff from the
medical staff. The medical staff
must have the right to take control
of operations in the event DCS oc­
curs.

7. Use an IRB or similar review board
for human experimentation plus
signed and witnessed consent forms
for all divers.

9. Check insurance liability coverage
is sufficient at venue for table
testing at all levels. This should
include coverage for the divers,
development and validation staff
and physicians.
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212 212
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Figure 2. The relationship between
doppler bubble grade and DCS incidence
( 16) .

100

It should be emphasized that due to the
unusual medical-legal climate in the
USA today, human experimentation is
most difficult. Testing of decompres­
sion tables will likely result in cases
of decompression sickness. These may
or may not be fully resolved by treat­
ment. Then there are the long term
risks of aseptic necrosis or other ef­
fects. For these reasons the consent
form must be as detailed as possible as
to the likely hazards of being a sub­
ject. Nevertheless all eventualities
cannot be covered and one must be
guided by the common standards for such
research by one's peers and colleagues.
For the present there can be little
doubt that not only does human
decompression table experimentation in­
volve potential risk to the subject,
there remains a very definite risk for
the experimenter and his university or
organization of having to explain his
or her actions in court. Therefore, in
conclusion, it is vital that all steps
be fully documented in the planning,
testing, possible treatments and medi­
cal tests, post dive follow-up etc.
Such documents should be retained for a
minimum of four years or whatever the
statute of limitations may be in a
specific state.
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DISCUSSION FOLLOWING DR. BENNETT

CHAIRMAN SCHREINER: That was the voice
of experience speaking.

You are a very strong advocate, apparentIy, of
the usefulness of bubble detection as an adjunct.
How valuable is that adjunct in the experience of
others here who have used it? Is there anybody
here besides Duke that has actually used bubble
detection for validation.

CAPT THALMANN: We saw most doppler
scores on schedules which had been changed. We
had a large change in incidence of bends, but the
doppler scores overall did not seem to change very
much. So, in that regard we are very sensitive.
The data that Ron Nishi showed was only the first
four dives; we have over 2500 that he has not seen
yet. But the overall impression was that the
doppler score was not really much more useful
then clinical assessment after the dive.

CAPT HARVEY: I tend to go the same way that
Ed has. We are not willing to make any of our
tables based on the doppler at this point in time.
The only thing I can say positively is that if I see
a lot of bubbles, I have a high index of suspicion
that I may see more hits from that table. I watch
the diver--I will not say more concisely, but with
more apprehension.

MR. NISHI: At DCIEM we do not treat on
doppler bubbles. We take the occurrence of DCS
as a criterion for treatment. We also see some
funny things occasionally with the bubbles. We do
have bends without bubbles, especially with oxy­
gen decompression or even helium mixtures. So,
there are some things to be resolved yet.

DR. BENNETT: There is no doubt that it is not
perfect, by a long way. I wish it were. We need
to have a good test before decompression--a
prodromal test of decompression. Coming back to
litigation, however, doppler has been around quite
a while, as we are all aware, so if you do not use
it, or at least have some other kind of quantitative
indicator, you are going to have to explain in court
why not!

DR. YOUNGBLOOD: . One thing we seem to be
skirting around here is that what the doppler does
is detect the presence of gas phase in the blood.
If your tables, as the I1Haldaniansl1 do, accept the
presence of gas phase in the blood, then the
doppler is not going to be a great deal of clinical
utility to you.

DR. ARMER: The question I have is just for
clarification. It appears from what I have seen
here that Grade 1 and 2 bubbles seem to be of lit-­
tIe or no predictive value. Is that so?

DR. BENNETT: We do not feel very strongly
they have much value from the Duke point of
VIew.

CAPT HARVEY: We feel the same way.

DR. KINDWALL: A question. It appears that
one of the real problems we have is that their
end-point, just like in the old days, is, I1Does the
guy get bent or not? Does he have symptoms?11
That is very crude. Then we go to bubbles and
then we have some arguments that are of little
value. I would query if anyone is aware of any
work using still other parameters such as platelet
count, enzymes, filterability of blood, surface
tension studies, and so on, which can be done
postdive to evaluate or correlate with the inci­
dence of decompression sickness. We tried tissue
imaging--not doppler--which is a very nice labora­
tory technique. But it takes two years to get your
first reading. It is very difficult to manage and is
therefore not practical.

CDR HOBSON: We have some interesting work
that has been started on immunological factors,
specifically blood complement. We are in the
preliminary stages, but we think it will show when
you could be more susceptible. People that are
more susceptible to decompression sickness have
some nice correlations in some cases. On virtually
every dive series that we do, now, we select three
or four subjects and take a blood sample and do
a complement. Then we can see how the doppler
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and how the decompression stuff comes out at the
other end.

Another one that was started but never really
got off the ground was a force platform, a very
sensitive platform that measured your center of
gravity. Divers performed several predive man­
euvers on this platform, and it drew a little sort of
figure of how well they controlled their center of
gravity. After they came out of the decompres­
sion, they went back in and did this same trial
again. On a couple of cases where guys got hit,
you could see hours before they had the bends;
their center of gravity was off and there was
something going on in there. It has not really
gone much farther than that.

DR. KINDWALL: The problem with complement
is that that is almost like preselecting your subject.
On a given dive it is not going to tell you if you
are going to get DCS or not. We are looking for
something more specific to the tables.

CAPT THALMANN: One of the things with
doppler that I would agree with is that if you look
at high bubble scores and you have a high bends
rate, as you reduce your table, the bends rate and
high doppler scores go away. They tend to go
away together. Now, that means the doppler is
just subjective. Can you use the doppler to design
tables where you never bend anybody? The
answer is probably no. The point second of all is
not so much as whether the doppler is useful in
getting rid of tables which have a high incidence
of the bends, because you can do that without the
doppler.

But it might be useful in analyzing three sche­
dules which have not produced any bends in 100
man dives and deciding which one is best. In
other words, if you have a schedule with no bends,
and let's say you make a change in the profile, is
it useful in predicting whether you have done
anything or not? That question has not been an­
swered. Right now, you do not need a doppler to
tell you somebody is bent. But they go hand in
hand, as you avoid the bends, the doppler scores
go down. It would be ideal if you could use the
doppler to avoid bends altogether. I do not think
it is there, yet.
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DISCUSSION OF RESEARCH AND OPERATIONAL DIVE CLASSIFICATIONS

Russell E. Peterson, Ph.D.
Peterson Technical Service

I don't believe such a change as made by
Dr. Schane should be grounds for considering
that a new schedule is experimental and
having to subject it to an onshore test
program prior to field utilization. Esta­
blished scientific principles of decompres­
sion tell us that such a modification will
not make the schedule less safe. Thus, if
it were previously safe enough for opera­
tional use, it should still be. Calling
it experimental simply because it is dif­
ferent and untried in the new form would
bring to a quick stop the dynamic field
improvements that we have mentioned at this
meeting - to the detriment of divers using
the procedures. At least in diving related
to offshore oil development, no responsible
operator is going to permit a diving con­
tractor to utilize what are termed "experi­
mental procedures." I'm not saying that a
modified schedule such as Dr. Schane put
into use should be considered validated in
a general sense. Since Dr. Schane con­
sidered the original schedule to be unsatis­
factory at the time of modification, he
would not have recommended use of it or
his modified version to anyone prior to
obtaining experience with the new schedule.
From the standpoint of Dr. Schane's initial
operational use of the modified schedule,
however, that schedule was certainly vali­
dated. Now, with the establishment of a
satisfactory track record, the modified
schedule may be treated as validated for
general use as well.

however, Dr. Schane considered the incidence
of decompression sickness suffered by his
divers to be unacceptable. He therefore
introduced 40 minutes of oxygen breathing
into the beginning of the ascent. This
modification produced a marked improvement.
Not only were cases of overt decompression
sickness reduced (none to this time), but
post-dive lethargy, which had been attribut­
ed to accumulated fatigue from the night
watches and to the 16+ hours of decompres­
sion, was noticeably diminished as well.

Another example of schedule modification,
more extensive in this case, is the develop­
ment of the so-called "Norwegian air tables"
by Arntzen and Eidsvik of the Norwegian
Navy. The approach they took was to consult
with all the diving contractors using the
U.S. Navy surface decompression procedures
in the Norwegian sector of the North Sea,
and to determine what the contractors' ex-

As an example, Dr. William Schane has used perience was with these procedures and what
an established air decompression procedure modification or modifications were in actual
for scientific air saturation operations use by their supervisors in the field.
at 47 fsw off St. Croix for some years. Arntzen then recomputed the tables in metric
Despite the previous good record of this unit by the same techniques used by the
procedure from 60 fsw saturation depths. U. S. Navy for their initial derivation, but
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I believe the schedule may be considered
to be validated as safe if there is direct
operational experience which establishes
this, or if it can be documented in standard
scientific fashion through demonstrated
principles and available related experience
that the schedule is as safe or safer than
other procedures in operational use.

From another perspective, the legal one,
Mr. James Sutterfield has advised me that
a decompression would be considered opera­
tional if expert opinion held the schedule
to be validated as safe, and experimental
otherwise. Since expert opinion varies,
this is far from a precise definition. It
is closely related to the topic of this
meeting, however, as to increase precision
in this definition, we must establish what
a validated decompression schedule is.

I believe this latter approach to validation
is extremely important to the continued
development of improved decompression tech­
niques. We've had a number of references
in this meeting, already, to the high cost
(in financial resources and time) of testing
decompression schedules. If clearly conser­
vative schedule modifications or procedure
derivations are to be considered as experi­
mental, with a laboratory test program then
required as the first step in a validation
process, the advancement of decompression
techniques will be greatly retarded.

In a scientific sense, a decompression is
a research activity if it is being conducted
to obtain information to add to the body of
knowledge concerning such basic phenomena
as inert gas exchange or the development of
decompression sickness, or to aid in the
evaluation of a novel decompression model
or concept. Conversely, if a decompres­
sion is done with a validated procedure
and there is no intent to obtain related
scientific data, the decompression is not
experimental, it is operational.

I've been asked to present some views on the
question, "When is it (a decompression pro­
cedure) operational and when is it experi­
mental?" I've found giving a good answer
to this question difficult, perhaps because
there is such a high degree of subjectivity
involved. I'll try, however, to point out
the issues that seem important and my ideas
about them.
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with certain parameters modified to reflect
or incorporate a sensible set of the field
adjustments made by the commercial contrac­
tors. Though these tables were "new," they
were actually closer to the real commercial
field practice and more conservative than
the U.S. Navy tables which were purported
to be in use. Exhaustive testing of these
procedures, as if they were experimental,
would have been an extremely costly and
lengthy process, if it had ever happened,
and would have served to maintain less
satisfactory and often ad hoc adjustments
to the decompression practice. The treat­
ment of these procedures as operation-ready,
however, resulted in their rapid and suc­
cessful deployment under closely watched
and highly visible circumstances. A sub­
stantial body of good experience has now
been accumulated with these procedures.

To conclude then, I believe that a procedure
which can be documented as safe to the
satis,faction of appropriate experts, and in
light of procedures in current use should
be considered operation-ready. If these
procedures contain more than very minor
adjustments to schedules with an established
track record, however, it would seem wise
and responsible to initiate their use with
a period of operational validation in which
the divers were fully informed of the nature
of the procedure and willingly used it. In
addition, though this should be the case for
all diving operations, special attention
should be given to the provision of all
h a r dwar e, s u-p p 1 i e s, and a c c e sst 0 me d i cal
backup necessary for the proper treatment
of decompression sickness. With respect to
the documentation of dive results, I believe
this, too, should be thoroughly done for all
operational dives, not just those in a
research or operational validation stage.
The process of table improvement should be
continuous, and this can be achieved only
through the adequate documentation of exper­
ience. For procedures that initially cannot
be adequately documented as safe, and as
such must be considered experimental, I
agree with the general approach of a labora­
tory test program with full research safe­
guards, followed by a careful introduction
into field use.

Finally, before discussion of this presenta­
tion begins, I would like to put two ques­
tions before the group. Is validation/
evaluation of a decompression procedure
ever finished? If so, what is end point
of such completion? As stated, it is my
own opinion that the evaluation of decom­
pression procedures should be continuous
and on-going for as long as those procedures
are in use.

DISCUSSION FOLLOWING DR. PETERSON

CHAIRMAN SCHREINER: Thank you, Russ,
for a very clear exposition of diving tec~nology
transfer. How do you get it into the fIeld? . I
think that as in all intellectual processes, semantIcs
is very important. Call something. "~~peri~.ental::
and people are concerned. Call It provIsIonal,
and it might not have the same impact. Y~t, you
have clearly distinguished it from an "operatIonally
ready" or "validated" label.
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DR. HAMILTON: If validation never stops--I
agree that it does not--at what point can we stop
having the divers sign informed consent state­
ments?

CHAIRMAN SCHREINER: From what I have
just heard, I would say at the point--which has yet
to be defined--that is called "ready for operations,"
or when you are out of the "breadboard" stage.
That has to be defined.

in these terms and find appropriate nomenclature
to designate the equivalent distinction, in diving
terms, between feasibility, breadboard engineering
prototype, preproduction, and production. Maybe
one of the fallouts from this meeting could be a
consensus statement as to how we distinguish
between these stages.

And I agree with you: Validation never stops.
This is equally true in industrial experience. Once
you make an instrument, the competitors will do
something that will force you to update it, to do
it better, to do it cheaper, to do it faster. So our
responsibility for diagnostic instrumentation never
stops, and neither does the responsibility of the
decompression community for bringing about
better, safer, more efficient decompression proce­
dures.

GENERAL SUMMARY AND CONCLUSIONS OF THE WORKSHOP

H.R. Schreiner

CHAIRMAN SCHREINER: So, I see as one of
the tasks that will remain to be addressed after
this workshop is a nomenclature to allow effective'
communication.

Now, I would like to give you an analogy
from my industry, where clinical instrumentation is
developed which ultimately has a direct effect on
human health and safety. It may be useful to
convey to you how we research, develop, build and
put clinical instrumentation into actual operational
use.

In our nomenclature, we start with feasibility.
We do research to determine whether and how
major design objectives of a new concept can be
met. That might be a decompression model for
doing useful work at 600 feet breathing neon­
oxygen, for example, where in the diving equiv­
alent it would call for animal studies.

From that point forward, we put together a
breadboard, which is an assembly of all the pieces
needed to put the concept through its paces. That
would be analogous to human table development
in the lab. And then we proceed to engineering
prototypes which begin to look like the finished
article. It may have the wrong color and it may
have the buttons in the wrong places. That would
be equivalent to what one may call a "provisional"
decompression procedure. In any event it is no
longer "experimental."

What follows in my industry is pre-production, CAPTAIN THALMANN: One of the problems
which means the new product is ready for opera- that has kind of gotten blurred is the distinction
tions. That is, we are going to make those instru- between developing new procedures and what you
ments in the plant by blueprints, by procedures might call table modification. I do not think
which the plant accepts. In the diving case, it anybody would ask a diver to sign a consent form
would be the commercial operational management if you decide to add a little shallow oxygen to
or the commanding officer in the Navy who ac- reduce your bends score.
cepts the procedure for operational use. And only The Navy was having problems with the
after the product is actually being manufactured do saturation excursion schedules. We sat down, and
we do what we call "de-x" the blueprints. The within 12 hours said, "Do it this way." I mean, we
blueprints are originally marked with an "x" saying did not do any more man dives or anything like
they are ready for operation but not yet validated. that. Everybody agreed that this was a conser-

Only after, say, six months or maybe longer in vative adjustment. I really wonder if companies
actual operation do we de-x blueprints. We are can get into trouble if dive supervisors empirically
then dealing with a validated product that is being try to adjust tables to make them safer by either
made by the thousands. Maybe we should think lengthening stops or adding O2• The problem we

Page 151.
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are talking about is somebody going out and
developing a new procedure, doing it totally dif­
ferently.

DR. LAMBERTSEN: One simple point. I would
not expect supervisors to have that role (to make
a new procedure), or even diving companies. I
would like to think that somewhere in the evolu­
tion of the tables, there would be the pulling
together of some people with the right background
to be able to make a change authoritatively so that
it would be accepted instead of being argued about
by the rest. You did that. You did not pull a
bunch of uninformed people together. You pulled
together a small group of informed people to
make that decision. That is what we have to do
elsewhere.

CAPT THALMANN: Yes, but diving supervisors
do it all the time. You know the procedures allow
them to do that.

EDITOR'S NOTE: Two points seem to be under
discussion simultaneously, (1) the development of
new procedures, and (2) conservative modifications
made by a group of experts or in the field by a
diving supervisor.

DR. LAMBERTSEN: That is very important.
What I am trying to do is put a bridge in between
what Dr. Peterson said and the alternative, so that
wherever this development is happening the system
ought to have the ability to pull in individuals who
have a capability for helping, whether in the Navy
or in a corporate body or somewhere else. They
do not have to be the same people across the
world to do this, but you have to lean on more
than one person or one place that has an author­
ity.

CHAIRMAN SCHREINER: The authority has to
be fixed. I mean it has to be clearly understood
who can and cannot make those decisions. Dr.
Shane added oxygen breathing during decompres­
sion; he obviously made it safer and obviously
cannot be faulted for that and, in fact, he had
improved results.

However, I submit that if you were to say
from now on, "Use oxygen at x meters," that
procedure in my mind has not been validated until

you actually have done it under operational condi­
tions and sufficiently often to say, "I have actually
validated ["de-xed"] this apparently safe and sen­
sible modification." So, I do not think you could
ever validate something without doing it. I just
want to make that point; I hope you agree.

DR. PETERSON: Yes, except that what we are
talking about is whether something is safe or not.
Oxygen has two effects. 'One is to reduce gas
loading and the other is oxygen poisoning. This
was a situation where the oxygen exposure was so
low that there was no need to consider that as a
problem. From the gas loading standpoint, it cer­
tainly was not going to make the situation any
worse. And the procedure was already in opera­
tional use.

CHAIRMAN SCHREINER: My comments are
just a semantic clarification, not that I question
what was done. I think the term, "validation," the
verb, "to validate," has to be reserved for activities
that actually expose a human being to a particular
operational condition. I hope we can agree with
that definition, that validation can never be done
in theory. It has to be done hands on. Is that
correct?

DR. KINDWALL: At what point do you allow
that change to be made, as in Bill Shane's case,
without having the diver sign a consent form?
That is the practical point.

CHAIRMAN SCHREINER: Well, that is a good
question. If you do something which, in the view
of people experienced and knowledgeable in the
field is a safe step, a safe addition, I am not saying
that it should not be done. But that does not
mean it is validated; validation is the result of
successful operational use.

Is it experimental?

CAPT THALMANN: No. It is a point that has
already been validated: That oxygen shortens
decompression.

CHAIRMAN SCHREINER: Under these condi­
tions?
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CAPT THALMANN: Yes. Under any conditions.
You can get literature to show this. But you have
to validate something that has not been shown.

DR. LAMBERTSEN: Heinz said validation--I
guess the word means somehow seeking the truth-­
has to involve the human. But it does not have
to be prospective. It can also, as Ed has just said,
be retrospective if you already know the truth. If
you do not know the truth, then you have to get
together with a bunch of people who help you
pin it down.

MR. HOLLAND: Who makes that change or that
validation? Does the diver in the field or the
supervisor have the "authority to do that? Or is it
done some other way? If there are going to be
changes made to procedures they should be by
those people nominated in a company who decide
on whether that change is to be made. But it is
not sufficient just to have done that, it has to be
put in writing, with the reasons why you have done
it. In other words, you have to give some form of
authority to the fact that it was done; otherwise,
you are suggesting that people can be changing
things all over the place. In each operational area,
you could have people doing things differently.
So, you can have a system within a company where
you do not allow things to happen unless they are
put in writing. Each company will have its own
expertise, and it will be signed off with its reason
why it is being done, and then circulated as a
document to support the change, making it legal.

DR. KINDWALL: I want to relate this excellent
discussion to another area: What is experimental?
Right now OSHA is faced with a difficult decision;
perhaps this group can help. It has been known
for many years that oxygen is very efficacious in
reducing the bends rate. But if it is used in an
industry where it has not been used before ever,
is that experimental? Second, should the people
using oxygen decompression be asked to sign an
informed consent? In other words, will that make
people nervous, and is that useful. Will that delay
its acceptance. That really calls the question
whether this makes the whole concept experimen­
tal.

DR. ELLIOTT: The definitions in the Helsinki
('A)nvention, I think, are quite clear as to where
consent is required from experimentation. Surpris­
ingly, it appears to be not so much the content o(
the change as is the purpose of the change--in that
particular case, the dive that you are doing. If you
are a reasonable authority and have decided that
you need to test, then that is human experimenta­
tion and requires a consent form and so forth.
But if a reasonable authority decides that on the
basis of historical experience that what you are
doing is not a test, then it is an operational evalu­
ation and you can go ahead. It is not an experi­
ment, you do not get consent forms, etc.

The essential difference, became very clear to
us in our work in Norway. If you are following
the Helsinki Convention, it is for the purpose-­
officially--of scientific research and publication and
it is under the overall direction of some medical
person, then you need informed consent. There
is no way in the field, the field modifications and
so forth, where you are going to be anything but
in the charge of somebody who has executive
authority over the dive, not a medical person.
Therefore, in my mind there is quite a clear boun­
dary between what requires human consent for
testing and what is, in fact, an operational develop­
ment.

To summarize, the Helsinki Convention looks
at the purpose of the activity. If it is being done
for the purpose of scientific research, the purpose
of publication of papers and so forth, then the
responsible authority must go through the business
of getting consent and must also have a medical
person responsible for what is going on.

If, however, on the basis of historical evi­
dence, the responsible group agrees that what is
being done is a reasonable activity and if that
activity is for the purposes of a job of work which
may include operational evaluation, then that
dive--and this applies to many of the dives at sea-­
will be under the control of a diving supervisor,
not the doctor.

If I may also use an analogy, one in fact that
I used in Norway and which helped us to crystalize
this. For example, take a test pilot. If you give
him a pfychological questionnaire about his sex
life, that done in a research context requires
Helsinki consideration, ethical approval, the whole
bit.
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If you tell that test pilot to get in that air­
plane and it might crash, that is a high risk ac­
tivity, but it is not medical research.

CHAIRMAN SCHREINER: That is, you distin­
guish between experimental and operational by
intent.

DR. ELLIOTT: By intent, yes. But by a respon­
sible authority.

MR. GALERNE: Let me give you a little point
of view of the contractor.

A long time ago in 1964, we developed some
decompression tables for operational review. We
have a device which records all of our dives on
graph paper. Every time we have any problem on
the job, the crew chief is obliged to mark where
the problem started and what action he has taken.
We have done that thousand of times.

We have magnified slightly those charts. For
example, at one time, we had problems with our
deep dives. We felt it was in going back from the
bottom to the first stop. I decided we could stop
at 2/3 of the first part of the ascent and make a
new stop there for a few minutes and see what
would happen. We increased or decreased the
time of that stop a few times, but at the end, by
a slight modification like that, we succeeded in
getting tables which caused very, very few prob­
lems.

But, if you try to make something scientific of
my tables now, you will have a lot of problems,
because a lot of things have been done--increasing
that stage, moving that position, and so forth.
These things have been done to make them work,
looking at the data and making some decisions
saying, "Well, we will try that."

Now, it would be difficult to make a "model"
for all those tables, but they work pretty well. So,
can not say if it is experimentation or what, but it
is a practical way to do it.

CAPT HARVEY: I am always reluctant to do
anything Dr. Lambertsen says, but he taught me
to do that when I worked for him, so I shall.

Sometimes perhaps truth is like the elephant.
I am not sure whether I am seeing a rope or a
tree trunk or the side of a wall. So we must avoid

the pitfall of truth being what we perceive, and
therefore go charging ahead madly on partial truth.

If someone had asked me, "If you switch to
air following a helium deep dive, would you get a
vestibular hit? You are going to air, which has
more oxygen and nitrogen,. and is a slower gas."
Knowing what I do about isobaric gas exchange,
etc., I would have predicted that you would not.
But from one of the testimonies today, it hap­
pened. I feel very strongly that predictions of
what you think is going to happen must be tested.

I think that in terms of tables that are going
out into the Fleet, there are different categories
of tables. The degree of risk and, therefore, the
degree of attention and the degree of support they
must have may vary a bit with how they were
derived.

Ad hoc tables that have no real sound founda­
tion, simply that somebody wants to see what will
happen (as Haldane did), obviously are a bit more
risky.

The next category, perhaps, might be new
tables based on proven models, where the model
itself is obvious and has been evaluated. That is
a bit less risky. You can evaluate the risk better.

Then you can have tables that have been
proven, but have been modified. For instance, you
have added oxygen. That is not a major modifica­
tion in the table. It is a very logical extension of
our knowledge. I consider that a far less risky
table and, therefore, think we can accept tables in
that category.

Finally, you have the ones that have been
proven elsewhere but are being reformulated in
some new write-up technique or something of that
nature where the table itself is basically sound. It
is simply being adapted Ior your use or adapted
from someone else to your particular commercial
company. That is probably the safest of all cate­
gories.

I think you must not lump tables and simply
say they are new. There are categories of new­
ness.

CHAIRMAN SCHREINER: I agree with that.

DR. YOUNGBLOOD: I want to address an area
that I think we are slightly missing here, an area
that Andre and Dutchy will certainly appreciate.
Let us address the area of the diving supervisor's
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prerogative to modify the tables on site. With all
due respect to Dr. Thalmann, I think there is no

.commercial diving company in the world that exer­
cises the degree of operational control over their
supervisors that you may think exists in the Navy
(I hope it does exist). The diving supervisor,
although he may be experienced in the techniques,
is a layman in medical and physiological concepts
and may be a victim of what I call the "more is
better" concept, whether it is Vitamin A or what­
ever. One of the statements we have made is
that it is always all right to add more oxygen or
more decompression time. That is not necessarily
so.

I can recall a very concrete example of a well
intentioned diving supervisor faced with an opera­
tional situation with a modification of a modifica­
tion embellished with another company's modifica­
tion of helium-oxygen surface-supplied bounce
tables, who decided that you might as well add
some deeper stops and add more time, since more
decompression is always better. It turned into a
clinical disaster. And that is the kind of situation
which I feel that we should somehow go on record
as recognizing as not safe, adequate, moral, or
ethical.

CHAIRMAN SCHREINER: That is fair. Let me
see if we can crystalize something here, because it
has become abundantly clear over the last two days
that never, ever would the U.S. Navy, the various
industrial companies both here and abroad, the
foreign navies, the foreign governments like the
Canadian Government, join forces in some kind of
unitary global way. This will not happen.

We have to recognize' that each diving com­
munity--and it could be that NOAA is one, the
Navy is another one, etc.--will have to seek its own
standards of conduct. We recall yesterday's sum­
marization, experience leads to incremental advan­
ces which lead to more experience which leads to
improvement in safety and efficiency. There are
clearly global standards because human beings do
not differ all that much across the various con­
stituencies.

So, fundamentally, there are immutable physio­
logical and physical considerations that are no
different anywhere in the world. Once that is said,
then I think each group--in fact, each company-­
ought to be encouraged to have a means of insur-

ing decompression quality. I just use this for lack
of a better term.

If you wish--and somebody mentioned it a
little a while ago, maybe it was Dr. Lambertsen··­
an internal group of knowledgeable people should
be installed who will, for example, in the case of
the dive supervisor, establish the limits of that
person's authority to make procedural changes
within a certain variance. Beyond that the super­
visor would have to get emergency support if
situations were to arise that go beyond the limits
of his authority.

However, I think while there are standards
that a group of knowledgeable people can develop
and recommend, worldwide, really, for all diving,
each diving community, in my opinion, would have
to take their basic recommendations and translate
them into operational control over the quality of
decompression in their particular group.

How does that strike the group as a consensus
statement or the beginning of one?

You were about to tear something up, Com­
mander. You had a piece of paper in your hand.
Your body language--

DR. WEATHERSBY: It was a draft of an inter­
national agreement between the American and
Canadian Navies to work together towards a joint
set of decompression tables.

CDR HOBSON: That is one thing in that sum­
mation statement that I have to disagree with. I
think there is a will, and today, the only way that
things are going to get better it is with this type
of exchange of information, this type of meeting
where there is free exchange and people start
breaking down these barriers and sharing experien­
ces.

CHAIRMAN SCHREINER: You misunderstood
my intent. No \vay do I wish to compartmentalize
information.

CDR HOBSON: No, no. But your opening
statement was that you did not see that is it pos­
sible in any way that the navies of the world and
the commercial companies of the world and the
various scientific units could get together in one
sort of global agreement.
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CHAIRMAN SCHREINER: Well, what I meant
to say, perhaps I did not say it properly, is this:
It is illusory. to believe that a unitary set of rules
binding on everybody could ever emerge.

CDR HOBSON: Okay.

CHAIRMAN SCHREINER: I think that could be
a consensus statement. By the same token, there
are immutable physiological and physical laws that
apply to diving and they apply to all diving com­
munities. And basic standards of safety, basic
vocabulary, can be common. Once those are in
place, then each diving community looking to that
commonly agreed to basis of what is reliable
decompression, what is required to go from A to
B, from experimental to operational, can then in
its own jurisdiction develop procedures approxi­
mate to its mission.

I cannot imagine for example that the United
States Navy would listen to an external body to
change its command structure or its way of opera­
tion. That is not for us to propose. We are not
here to dictate. But I think we can find common
ground, make common recommendations to all
diving communities which in turn can be translated
internally into procedures which will make their
operation safer and more effective, not the least
by sharing information. So I hope there is no
disagreement on this point.

DR. LAMBERTSEN: Even if their missions are
different, that still pertains, and the mission will be
different all of the time.

DR. KINDWALL: Part of your remark was the
implication that this Workshop should recommend
that a consensus group within each company or
navy or so on be tasked with the idea of making
changes in tables and keeping then abreast. If
something is wrong, then this particular group
would address the issue and fix it. Does that
imply then that any set of tables used by any
organization should automatically have a built-in
capability for modification and review as an ongo­
ing thing? Is that what you meant to imply?

CHAIRMAN SCHREINER: What I meant to
imply is that we should strive for a consensus on
basic fundamental definitions, the foundations of

safety, of validation, so that this becomes a com­
monly accepted body of codified knowledge from
which each group derives its own operating proce­
dures with reference to a common set of stan­
dards.

DR. KINDWALL: Would you wish to say any­
thing about the concept that there should be a
mechanism for change?

CHAIRMAN SCHREINER: Yes. I am sorry if
I implied some kind of rigidity here. I think that
if, for example, if such a group of experts were to
agree that a reliable decompression is one which
by statistical probability X creates result Y, that
this is a criterion. That is not standing in the way
of change. That only defines what the community
means by a successful decompression procedure.

DR. KINDWALL: As it is now, for example, the
French Navy, the German Navy, or the U.S. Navy
could have a table, and it may be well known that
there are better procedures elsewhere, but the
existing procedures are not easily modifiable. We
should then make a recommendation that if you
are subjecting human beings to known hazardous
decompressions, then there should be a mechanism
within the organization for improvement when it
is needed.

DR. ELLIOTT: I have done a little diagram (Dis­
cussion Figure 1) which I think summarizes pretty
well what we have said. We do not have time to
discuss it or put it up on a flip chart. Can I just
offer it to you and to Bill Hamilton to consider for
the proceedings. There should be nothing that is
too controversial there. It summarizes roughly
what I understand to have been said here.

Having said that, can we also be a little bit
more practical? I think there is one consensus
statement needed, of greater priority. That is the
importance of the collection of field data and feed­
back to the responsible authority (whether that be
in the diving company or at some national level,
I believe is not important). I would personally like
to see that. We have a lot of operational data.
The dives may not necessarily be done in accor­
dance with the way the tables are printed. That
is very valuable data. It is also of some secondary
value too in the assessment of the bends that may
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arise subsequently. I would like to see that as one
of our consensus statements.

CHAIRMAN SCHREINER: I think this was
certainly said yesterday, but was further made
practical today because the maximum likelihood
approach or similar approaches that permit the
retrospective extraction of valid data from dives
which have already occurred. If the same informa­
tion can be obtained in that manner, as can be
obtained by additional exposure of humans to
decompression conditions, I think it is not only
useful but a more ethical way to lay on ourselves
the opportunity for change.

DR. ELLIOTT: The quality of data may be
critical. You could only do some types of analysis
under laboratory conditions. I would like to see
the probabilistic theory applied to operational
diving, providing, of course, one has the pressure
and time correct. Is it possible? Dr. Weathersby,
are you prepared to state what are the things
which one must have to make your type of analy­
sis, as far as you are concerned, acceptable?

DR. WEATHERSBY: Only partially. Part of
the answer depends upon the use, which is not yet
specified. The model that you try tomorrow may
have different requirements for data quality than
the model I used yesterday. So, as a general
statement, make it as precise as possible to be as
generally useful as possible. But, certainly, the
detailed record of pressure, time and gases and a
detailed record of any medical outcome (whether
or not there was a treatment) would be basic
components.

CAPT THALMANN: I think what it boils down
to is that in the commercial industry there is no
formalized method of getting things changed.
Within the military there is. That is what makes
it easy. There is a mechanism for instituting a
change very rapidly, if need be, because there is
some guy who has to sign his name on the line
saying, "I have responsibility for all these people,
and therefore I say we are now going to change
this procedure in this direction. Period." And it
gets done.

For instance, just recently, within the Royal
Navy we have been making minor modifications to

the saturation decompression without anybody
signing consent forms because there is a mecha­
nism. I submit a proposal and it is reviewed by
RN people. They say, "We agree, this is not a
significant change and it is in a conservative direc­
tion. Therefore, you can take it out on a ship and
try it on an operational dive under the conditions
put forward."

The problem is that in the commercial world
there does not appear to be such a mechanism:
It exists in the U.S. Navy in the sense that the
Supervisor of Diving is the guy whose name is on
the line. The same mechanism exists in the Royal
Navy. But there is an individual who then is
responsible for ensuring that all the "experts," have
made the right decision.

But, commercially there is nobody to say,
"Look, I want to change this procedure. Is it okay
to do it? And I have six people (the "experts")
that say it is okay."

CHAIRMAN SCHREINER: Yes. But there is
no reason why a diving company cannot institute
internal procedures that parallel those of the Navy.

CAPT THALMANN: There should not be, but
it seems to be the case.

MR. GALERNE: I think a general step we can
take would be to have a recorder assigned to each
company to record all the data of each dive, and
have the data go to a computer something like
that where we can exchange the data without
having to retype it.

We do not have a regular interaction. Maybe
that would be something to do, to develop a
common support for industry where we can talk
together about some data.

MR. IMBERT: You should not underrate the
capacity of the commercial industry to evaluate
and adapt and improve its own procedures. Look
at the work reported by Mr. Humphrey, for ex­
ample, or ours.

Definitely there is a will and a means and the
expertise in the commercial diving industry to
improve procedures for better and safer diving.
We are the only ones to take our own fate in
hand, because we know exactly what we want and
what we have to work with. We have different
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need~ from the U.S. Navy. Even though we have
less money and fewer people, we can organize
ourselves to get useful data. You should leave
room for commercial diving to take care of itself.

CAPT THALMANN: You should. Even so, I
sense there is a frustration that the commercial
people have the impression that they somehow
cannot. Is that a reasonable frustration?

MR. IMBERT: The important thing, I think, is
that there will be new tables. We have to take
some risk sometime, and there is no excuse for not
being well organized. That would be the key point
to discuss. But I think we are a people who are
professional and responsible.

The lack of organization is not acceptable.
We should control ourselves. In a well organized
diving company we think we have good control for
a given dive, like any other group. I think that is
really the case in the commercial diving company
that does serious work.

MR. HOLLAND: I do not think the frustration
exists in the ability to react to situations. I think
we react to situations probably very quickly. We
continually monitor things, and if something goes
wrong, we can do it and we can get something
moving probably as fast as anyone else. I think
the frustration exists in the fact that we would like
some sort of guideline that would help us to justify
what we are doing. We are going to do it, whe­
ther or not we have a legal risk. We have to do
it in the absence of guidelines at the moment, or
validation parameters. My frustration is that we
do not have anything to help us to do that. But
we are still going to do it and do it quickly.

CAPT THALMANN: Well, I think that was the
point I wanted to make. The military has the
organization set up to do that, and I do not sense
that there is such an organization in the commer­
cial field.

DR. LAMBERTSEN: Let me add to Dr. Schrei­
ner's effort to put some general things together.
We have the opportunity to look back at what Dr.
Elliott called a mass of useful data that is not as
useful as it could be because it has not been
generated as data. We have an opportunity to

improve upon it by generating a proper means of
recording in advance so that we will someday have
that as retrospective data. I would like to see
worked into the general principles a goal of im- ,
proving upon the quality of the data obtained in
the validation process.

CHAIRMAN SCHREINER: Right. Now, I
would like to 'ask that is it not inappropriate,
perhaps even unethical, to ask a diving subject to
sign an informed consent, expose himself or herself
to risk, become an experimental subject, without
maximum information and use being derived from
that exposure. The only way to do that is to
record properly the experience. That is done in
the laboratory, no doubt; but, then, I am not sure
whether the information is accessible in a way that
others can benefit from it. I think you are asking
for a uniform way of recording and reusing and
re-examining diving data.

DR. LAMBERTSEN: If not uniform, at least
compatible.

MR. GERNHARDT: One thing that we were
about to do that I think would help the commer­
cial companies with respect to the legal aspects
was to define, subject to interpretation by the
responsible individuals, exactly what experimental,
provisional, and operational areas are. Recog­
nizing that there will be some interpretation,
nevertheless, it would give us more guidelines than
we have now.

DR. ELLIOTT: I think I can answer what has
just been said here. One of the things from the
diver's point of view, as opposed to the intent of
the people instituting the dive is, is it part of his
job description to do it? That is a very practical
point. It is like a test pilot, again.

CHAIRMAN SCHREINER: I think for the
commercial side that would really have to be
sorted out on a company level.

CDR HOBSON: I think this is a very important
aspect of what we want to do; however, I strongly
support Captain Harvey's point that there are dif­
ferent categories of change, and what we have
been getting trapped in occasionally is that we are
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talking about bringing the big sledge hammer for
a lot of these little piddley bits.

What we should do, I suggest, is a categoriza­
tion. The worst case would be if you have just
discovered you are going to have tables based on
plutonium. We have talked about what you have
to do to get it out in the field. At the other end,
how the small changes, the operational changes,
get accepted and get this magic "validation" to give
the commercial companies the needed confidence,
should be in a lesser category.

CHAIRMAN SCHREINER: A point well made.
To go back to Dr. Elliott's diagram (Discussion
Figure 1), he shows how we need to think about
new models, which is, an extreme case. But I
would also submit that any changes in a decom­
pression procedure should be made only in accor­
dance with principles that a group like this or a
small subset has developed as guidelines. Some of
the changes can be made in operations; opera­
tional modification, operational improvements.
Some of them will require at-sea trials of some
sort. Some will require experimental work in the
laboratory on men, or may even go back to study­
ing a new decompression model in animals.

But, in any event, I believe there has to be
consensus. I am sure this group will agree that
criteria should be proposed by a small group of
experts in the field that say: Here is what we
would consider reasonable and prudent for some­
one to do to get from this particular category,
experimental, to the category of operationally
ready, to a category of operational modification,
etc. I do not want to put words in mouth of the
group. Is there any disagreement with that ap­
proach?

CAPT THALMANN: I do. For an example, I
think that the FDA does not tell people how to
test a drug, but they do tell them what documenta­
tion they have to plop on the committee's desk
before they can decide whether it is okay to use
it. You have to look at the difference between
table validation criteria. All you can agree on
here is how to tell people how to go about gather­
ing up data they will need to substantiate a
change, but not tell them what the criteria are,
because I do not think anybody could agree on
them. Certainly, within the Navy, the criteria

change as experience is gained and new people
take over.

Right now, when a new table is set up certain
individuals with certain biases read it and decide
whether or not they think it is reasonable to
recommend that this procedure be accepted.

CHAIRMAN SCHREINER: Maybe we can get
this discussion focused by not speaking of criteria
but of standards.

CAPT THALMANN: How? What is required?
What documentation? What methods are required
in order for you to justify a procedure so the
individuals can decide?

CHAIRMAN SCHREINER: Those are standards,
because when you talk about criteria, the Navy
may use different criteria from the next diving
community.

CAPT THALMANN: They change. The criteria
change.

CHAIRMAN SCHREINER: Yes. I accept that.

CAPT HARVEY: We sit here because of legal,
ethical and financial pressures that drove this
group to exist. We got hung up on the ethical
thing because that reflects the legal pressure that
in the past have cost lots of people lots of money.

It seems to me that we have gotten around
the problem of using human subjects and the legal
complications that can come from that by having
informed consent. I therefore feel that the use of
informed consent, for people who have less than
validated tables (whatever our validation criteria)
is both ethically and legally a very sensible way to
go. If the guidelines of this workshop can include
"informed consent" for the people who are using
less than validated tables, we may solve or at least
help to solve some of their legal and other im­
plications. I do not think it will be a complete
shield. An informed consent document is not
worth the paper it is printed on if there is negli­
gence. But I still think it is both ethically and
legally sensible to try to call for informed consent
when you are developing new tables in the field
situation.
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EDITOR'S NOTE: Capt. Harvey later agreed
that informed consent was only necessary in the
testing situation.

Tables furnish statistics. When I was with Dr.
Lambertsen at Pennsylvania, we were establishing
a thing called the International Decompression
Data Bank with the very idea of keeping enough
baseline data in carefully controlled experiments so
that it would be available to the world to be used
as a basis for the kind of comparison that CDR
Weathersby has been doing.

I would submit that if we all used that mecha­
nism (accumulating dive profile data for retrospec­
tive analyses), whether at Penn or otherwise, it
would give us the baseline data we need to vali­
date tables.

MR. IMBERT: I just want to make an analogy.
With deep diving, as technology was 10 years ago,
when the contract came you could not dive deep
because the equipment was not ready. So, in the
1980's, there are a lot of published standards for
equipment performance and how to test it. We
have regulations, procedures, criteria, etc., covering
equipment, and the standards are generally ac­
cepted. There is a possibility for modification of
the process. I think this may be what is happening
now in decompression. We have come to a point
now where we have data banks available, can study
the information, and we have tools, like statistical
analysis. I think it is time, now, to issue standards
or criteria to test and evaluate decompression.
That would allow tables to keep improving, but we
will at least have a standardized way of discussing
and comparing results.

CHAIRMAN SCHREINER: I think that would
be a very useful outcome of this group's effort.

I would like to ask Dr. Elliott to lead us in a
discussion of his diagram.

DR. ELLIOIT: In the diagram I have divided
the process, by the waves of the sea, into two
areas: Academia and the Real World.

Note the "by intent." Is the intent of what we
are doing research and the furtherance of know­
ledge, or is it operational and part of the diver's
normal job description?

Kindly note that this does not relate to risk.
Risk can be high on either side of that boundary.
And it obviously must start with a new model and
table calculation and the testing of the table,
possibly in the sea.

In practice, the Navy is the only group to
cross this particular boundary. One or two com­
mercial companies have done so as well, and
perhaps others. But I think it is easy, with both
the Navy and with Comex, to distinguish between
the intent of a particular dive. One then gets to
the operational evaluation of the "provisional"
table. It is something based on experience and it
is considered by the responsible authority to be an
acceptable procedure when it is complete. The
normal diver can do it under normal conditions.
The feedback from the provisional and the subse­
quent field use is the area which I think this
meeting can lead to the greatest improvement of
knowledge.

As Ed Thalmann said right at the beginning,
you know, the bloody Navy never gets any feed­
back. So, let's get the feedback organized. If we
can use maximum likelihood on the feedback,
great! But if the data is not quite that good or
that voluminous, it is still good feedback. The
feedback then goes back both to the diving com­
pany's own authority (whatever that might be, and
I think some criteria for that might be appropri­
ate). Or it could be at the national level. It does
not matter. But there is feedback, so improve­
ments can be made during the use of that table.
Further feedback, of course, goes back to the
original authority, because, as we have said, and
somebody has made the point, that table validation
is never over. That is why I drew my breath in
when someone said, "informed consent while we
are going on for validation." I have drawn it to
say, as soon as we have finished the testing, then
informed consent is no longer applied.

CAPT HARVEY: Informed consent for testing,
then, perhaps is better.

DR. ELLIOIT: Yes, fine.

CHAIRMAN SCHREINER: We still have a few
more minutes, but I would like to make sure that
before this meeting closes, there is a semblance of
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Discussion Figure 1. Sketched diagram proposed by Dr. Elliott. The top part represents the laboratory
or "informed consent" zone which is experimenal by intent, while the bottom part is within the job
description of the diver. This formed the basis for Summary Figure 1, found in the Editorial Summary,
which includes additional ideas, especially the role of a competent authority in making the decision
when to move to provisional and operational use. (Retouched for readability.)

consensus. Therefore, I would like to test the
group by saying: Is there anything that Dr. Elliott
has drawn or said that anyone in this room would
take exception to? If so, please make that known
now.

DR. KINDWALL: I have a brief question.
Supposing someone like Global Marine or some
big company that is still in business wants a de­
compression table for a special job. He goes to
someone like, say, Pete Edel, and asks him to
draw up a table and he does and it looks good.
Where does that fit in? They want to go and use
it operationally, and they go ahead and do it.

CHAIRMAN SCHREINER: Well, what you are
doing is you are transferring technology from the
laboratory to the real world. There have to be
standards by which the user, which would be the

diving company, can decide whether to accept this
technology.

DR. ELLIOTI: I think it is a question of wheth­
er Peter Edel is modifying an existing fund of
knowledge or whether he is sticking his neck out
a bit; that is the decision of the responsible body.

CHAIRMAN SCHREINER: The readiness or the
ease of acceptance would depend on the nature of
the quantum incremental change. In any event,
we would urge any diving community to have an
internal mechanism, perhaps through outside ex­
perts, to judge whether a proposed procedure is
ready for operational use.

MR. HOLLAND: Some of this seems related
specifically to the U.S., but I mentioned a problem
we had in the UK on validation of tables. I was
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hoping to see something come along which would
enable those who are wandering around in a haze
to be able to come out with something from here
that would help them validate. How would you
see that applied?

DR. ELLIOTT: That is semantics, how they use
the word "validation." We have used ongoing
validation as being scientific. A table is never ever
going to be totally proven, but "validation" in the
legal sense, I think, is when that table crosses the
boundary into operational use. It is past the
border. So, as soon as it is gone, it is accepted
into use.

DR. YOUNGBLOOD: I would like to try to
simplify what I think is a very serious ethical
problem. I would like to point out the difference
between interpolation and extrapolation. It is
relatively safe to interpolate between known hu­
man data points derived (hopefully) in the wet
simulation laboratory and those points in at-sea
operational modifications. But it is very dangerous
and, in my personal opinion, unethical to extrapo­
late outside those data points in at-sea operations.

DR. PETERSON: I would like to agree very
strongly with David's statement.

CDR HOBSON: Improvements are limited to
interpolation only.

CHAIRMAN SCHREINER: We are now discuss­
ing standards that another group, hopefully, will
recommend in detail. And these are elements that
should go into these standards.

CDR HOBSON: What we want there is a feed­
back loop. It should not imply that maximum
likelihood has to fit into this process. It is just a
feedback loop.

DR. HAMILTON: Then I request the adjective
"quantitative," if nothing else.

CHAIRMAN SCHREINER: The feedback pro­
cess should be quantitative.

CAPT THALMANN: I think what Dr. Elliott has
drawn is a flow chart that probably is exactly how

the Navy goes about doing this. He has not said
who the "responsible authority" for the Navy is.

CHAIRMAN SCHREINER: We are recommend­
ing that a responsible group be identified within
each diving organization.

CAPT THALMANN: I do not like the word
"standards."

CHAIRMAN SCHREINER: Not "criteria."
Standards. That is, if a company were to set up
such an internal organization, what skills or ex­
perience should be represented in such a group?
That would be a standard.

CAPT THALMANN: I can give you an example
with EDU's testing of unmanned breathing gear.
The firs t thing that was reviewed was methods. It
was not until some time later that they finally
began to agree on standards. There is a differ­
ence. If you are talking about standards for
methodology, I will agree. But if you are talking
about standards as some kind of fast fail. ..

CHAIRMAN SCHREINER: No, no, no. I
backed off the terminology "criteria," because you
objected to its rigidity. And substituted the word
"standards" to be synonymous with methodology.

CAPT THALMANN: Okay.

CHAIRMAN SCHREINER: I do not want to go
further and dilute the word "standards," because if
we can not agree that standards are needed, then
we are really just blowing a lot of wind. We
should do more than just discuss the subject.

Standards should mean procedures by which
diving communities can arrive at decisions that will
guide them in determining when a decompression
procedure change is appropriate and when and
how it should be tested or evaluated. That is what
I mean by "standard." Is that agreeable to every­
body?

It is exactly 1400 hours. I declare the Work­
shop closed. Your editors will prepare a summary.
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This is a summary and consensus of the Work­
shop on Validation of Decompression Tables,
sponsored by NOAA/NURP and held at Bethesda
by the Undersea and Hyperbaric Medical Society,
1987 February 13-14:

Approaching a consensus
As is evident in the talks and particularly the

discussion, the Workshop seemed to be generally
agreed on the steps that belong in a table valida­
tion process (there were some disagreements about
other points!). However, although many principles
were discussed (albeit some quite briefly) a coh­
erent and complete pattern was not completely
articulated at any time. As both our editorial duty
and privilege, we here attempt to distill out of the
talks and discussion the essence of a model for the
validation of decompression tables. This is not
necessarily a condensation of what was said, nor
is it a formal consensus, but is what we feel the
group was searching for. It should be quite close
to what the Workshop would have produced as a
consensus or majority viewpoint had we been able
to do that in more detail.

EDITORIAL SUMMARY: VALIDATION OF DECOMPRESSION TABLES

R.W. Hamilton and Heinz R. Schreiner
with some special advice by David H. Elliott and Russell E. Peterson.

buted to the participants, a few comments were
made about it, and by lack of serious objection it
was considered accepted. Using this sketch as a
starting point we have constructed a general devel­
opment and validation process which is given in
Summary Figure 1.

Our figure was derived from a slightly more
detailed diagram that Dr. Elliott sent after the
workshop, which incorporated some of the com­
ments made during the discussion. For this final
drawing we included still more additional infor­
mation that we feel was expressed and generally
agreed upon by the Workshop participants. We
use the new diagram, Summary Figure 1, as the
fabric for a discussion of the table development
and validation process as constructed by the Work­
shop; it is a combination of current practice and
the conclusions of the Workshop as to what ought
to be done.

The diagram shows steps in the table develop­
ment and validation process. Solid arrows show in
general the flow of information, dotted arrows
show feedback, and arrows with circles on them
signify an "approval" step, discussed below.

For purposes of carrying out decompressions,
the diagram is divided into two areas by a wavy
line that loosely resembles but does not necessarily
signify the surface of the sea. The upper part is
the research laboratory. Testing in the laboratory,
which in decompression research generally means

The table validation process simulated dive profiles carried out in a pressure
The initial charge to the Workshop was to chamber but not limited to that, is by intent re-

define the validation process and not deal with the search, and it is carried out under medical control.
earlier steps in the overall process of decompres- This means that it conforms to the prevailing
sion table development Indeed, the Workshop standards for human research of the institution
showed impressive restraint in doing just that, but conducting the tests. This would imply confor-
to put the validation steps in the proper context mance with the principles of the Declaration of
this summary covers the whole process of decom- Helsinki. If this is a university operating with
pression table development, with special attention funds from the US National Institutes of Health
to validation. or Department of Defense, it will have an Institu-

The best approach toward a definite consensus tional Review Board (IRB) and a prescribed
that the group did agree Qn was a sketch made by documentation procedure. Dr. Lanphier has
Dr. David Elliott (Discussion Figure 1) near the elegantly described this system in his talk, and we
end of the last discussion session. This was distri- need not dwell on the details here. Where proce-

Page 163.
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Summary Figure 1. Flow diagram of the decompression table development and validation process. The
upper part of the diagram is by intent research and subject to "informed consent" procedures. The
lower half is operational, and is considered to be within the job description of the divers. Solid arrows
show flow of information, dotted arrows show feedback, and those with circles imply some judgemental
approval by the Institutional Review Board (IRB) or the "DMB," a competent authority (board or
committee) within the organization conducting the dives; it might be called the "Decompression
Monitoring Board."

dures are not so regulated, common ethics and
certainly the consensus of this Workshop dictate
that the institution nevertheless has the obligation
to conform to the Helsinki principles with regard
to the informing and protection of the experi­
mental subjects (these principles are found in the
frontispiece of any issue of Undersea Biomedical
Research).

The arrow connecting "new table calculations"
with "testing" has the IRB (Institutional Review

Board) symbol, indicating that the conduct of these
tests, the testing of these new tables, is monitored
by the IRB and by implication is carried out in
accordance with the ethical principles. If there is
no IRB, as in the case of a diving company for
example, it is then the responsibility of the insti­
tution--the laboratory and the investigators--to
ensure that the ethical requirements are met. This
also means that the testing or experiments are
carried out under medical supervision. Because
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the main tenet of ethical human experiments is
that the subjects are volunteers and that they
understand the risks involved, this type of control
is often referred to as "informed consent." The
Workshop used this term to refer to experimental
work conducted under these principles.

The diagram shows two feedback loops from
the testing stage through an analysis step and back
to new table calculations or more fundamental
changes at the "modelII step. Also shown is the
fact that the review and analysis process draws on
past history--literature, experience of all sorts, all
types of information from the past--plus knowledge
of long term effects such as bone necrosis and a
review of the organization's own dive logs.

The bottom part of the diagram represents
Iloperational" use of decompression tables. Here
the work is by intent not research, and although
it may (and should) have medical coverage, it is
not under medical control This is operational
work, and the workers are not experimental sub­
jects and what they do in using new tables falls
within their normal job description.

It should not be inferred that all work in the
sea is operational and all that done in chambers
is experimental. Some operational testing is car­
ried out in pressure chambers by divers in their
normal work, and some testing is carried out at sea
using "informedll subjects. The criteria to separate
these are intent, medical control, and whether
done as a regular part of a job or for the purpose
of testing physiological/medical procedures. This
distinction is not always clear, however, and some
judgement is needed; a proposed method of deal­
ing with it is discussed later.

The first step beyond the laboratory and into
the Ilreal world" of field operations is oPerational
evaluation, or the use of the provisional table.
This is normally the first "at-seall use of a table or
procedure, and we would expect it to be a some­
what tighter operation than usual (proper training
and supervision, management cognisance, good
medical coverage, accurate records keeping, etc.).
After a period of "op eval" then the table can be
considered to be in normal operational or "field II

use.
During either or both of these phases there

can be a need for small modifications that repre­
sent changes but do not justify going all the way
back to the basic model. In a good operation

there should also be a collection of dive records
that can serve as the experience base for both the
small improvements and later modifications to the
model and perhaps eventually a new development
program. In the diagram the changes are called
interpolative to note that they should be within
the envelope of the validated part of the model or
formula, rather than extrapolations outside it which
should be done in the research zone.

This describes the table development process
as it is presently carried out in some places; it can
serve as the skeleton for a similar system which
involves no additional steps but defines some new
"authorizations" that can, we hope, maintain high
ethical standards, reduce the exposure to unrealis­
tic liability, and still allow cost-effective improve­
ments in decompression.

The organization's Decompression
Monitoring Board

Specifically in relation to Dr. Elliott's diagram
and in other parts of the discussion as well, the
Workshop was concerned about how to cross the
line between laboratory and operations. Mr. Sut­
terfield made the suggestion that it would probably
be considered acceptable practice if the divers in
the op eval stage (using the provisional table) were
to be volunteers for this work and were to give
their informed consent. This would take care of
that step (if the divers would do it; some would
not), but then how do we decide the next step,
when the table is ready for field use? The same
questions come up again about how to decide
when small changes made in the op eval or field
stages are acceptable, and so on.

On the question of when diving is "research"
and when it is Iloperations," it was pointed out by
Dr. Peterson that this would be when a competent
authority says it is. Several other times during the
meeting this same idea was mentioned, and it
shows on Dr. Elliott's diagram. The point is that
some of these steps need to be made with judge­
ment, and that should, obviously, in matters of
decompression be by an authority that is com­
petent to make decisions about decompression.
The authority was felt by most sentiment in the
Workshop to be a small group or committee.

This was further interpreted that this should
not be a "governmentll or even an "international"
body, and that no single body could in fact be
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competent to pass on all the many matters that
might come up in the many places where decom­
pression decisions have to be made. It has to be
a group specific to the organization doing the
decompression development. It is the organiza­
tion's group, but the makeup was not specified by
the Workshop other than that this group should
have the competence, the responsibility, and the
authority to make these judgments.

In order to be able to add this necessary
element to the table validation process we have
given it a tentative name, and have included it on
the flow chart in Summary Figure 1. The interim
name is the institutions "Decompression Monitor­
ing Board," and it shows on the diagram as DMB.
The DMB makes the decision when enough testing
has been done and when it is ready to go into the
operational evaluation stage. The DMB also
decides when it is time to consider the tables
operationally ready for field use, it decides when
interpolative improvements to provisional or opera­
tional tables are suitable, and it maintains cog­
nisance of the review process.

The makeup of the DMB is up to the organ­
ization, but as an example it might consist of the
safety officer, the medical director, a member of
top operational management, and the decompres­
sion specialist.

Guidelines
Throughout the workshop there were various

references to the need for "standards" or perhaps
more properly "criteria" or "guidelines" for the
table validation process, and there was valid con­
cern that such things might turn out to be inap­
propriate. The process laid out here is not a
standard or even a guideline. It is actually a
snapshot of how this process really works in some
of the more responsible institutions involved in
table development and validation. The process
used by the U.S. Navy is quite close to this, even
though it may not be formally defined as such.
The process as discussed here is more than just
validation, it actually covers all parts of the decom­
pression table development process of which
validation is only a part.

While we (the Workshop) have defined a
general process, we have not really worked out
how to implement it. To carry on, we do in fact
need guidelines. It is important not to call these

"standards" because of the legislative implications
and potential for misunderstanding. The guidelines
should probably be formulated by a group similar
to this Workshop but smaller, and should if possi­
ble be designed to be universally applicable.

Guidelines are needed for several points in
the validation process. Presuming a plan such as
this one is to be used, an important place to start
is in how an institution or diving organization
should develop and manage the DMB. This
should includ~ criteria for selecting the members,
defining its scope of responsibility and authority,
and how it is to go about making the various
decisions. (A better name might be suggested as
well.)

Some specifications ought to be given for
deciding when it is time to move a new table into
its next phase, such as operational evaluation and
field use. Principles for conducting operational
evaluation dives ("with special care") that can be
incorporated into the practice of a wide variety of
organizations should be laid out,' including such
things as quality of supervision, medical coverage,
treatment capabilities, monitoring, and documenta­
tion. There should be guidelines for how to make
and evaluate the "interpolative improvements."
Since much may rely on data from dive records,
what data should be collected and how it should
be handled needs to be defined, as well as how to
perform the review and analysis of dive data.

These refer to the operational phase. Some
special guidelines also would be helpful for the
organization not already under institutional review
rules, to enable them to select and use a "human
use board" (their own IRB) in an ethical yet
effective way. Along with this it would be nice to
have help in bringing in the essential experience
about long term effects and historical experience
for use when designing new models and new
tables. Criteria for how to perform testing and
how to assess when testing is adequate are needed.
How the IRB and DMB relate and possibly over­
lap should be stated.

If a set of guidelines (or a consensus docu­
ment) that meets the above criteria can be devel­
oped, it could have a beneficial effect on litigation
in the US. A diving company or other organiza­
tion that might gain from developing better decom­
pression tables would have a "standard" to follow
that would--if they could demonstrate that every-
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thing had been done according to the guidelines-­
establish that they were in conformance with
accepted practice.

Summary and next steps
The job is not complete, but this Workshop

has made a good start. We have defined an
exemplary pattern for the ethical development of
decompression tables, including the use of past
experience to make a model and calculate new
tables, accepted practice for initial testing, and a
mechanism of approval to move the tested tables
forward to initial operational evaluation and finally
normal field use. Steps requiring judgement are
to be made by an authoritative group designated
by the organization. Feedback loops allow for
corrections at several steps along the way, again
with approval by the diving organization's experts,
and meaningful collection and review of data as it
accumulates is called for.

What is needed next is a set of guidelines for
managing this process, including procedures for the
formation and management of the responsible
m01)itoring groups, methods for collection, review
and analysis of data, and criteria for determining
when it is appropriate to take the various steps in
the process. Government control or approval is
not indicated, but government funding of the
development of the guidelines as a research and
development task would make good sense.
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