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About the Smithsonian Institution
http://www.si.edu/dive

The Smithsonian Institution was established in 1846 with funds bequeathed to the United States by
James Smithson. The Institution is an independent trust instrumentality of the United States holding
some 140 million artifacts and specimens in its trust for "the increase and diffusion of knowledge". The
Institution is also a center for research dedicated to public education, national service, and scholarship in
the arts, sciences, and history.

The Smithsonian is composed of sixteen museums and galleries and the National Zoo and numerous
research facilities in the United States and abroad. Nine Smithsonian museums are located on the
National Mall between the Washington Monument and the Capitol. A three-level underground building
houses two museums and the S. Dillon Ripley Center, which includes the International Gallery, offices,
and classrooms. Five other museums and the National Zoological Park are elsewhere in Washington,
D.C., and the Cooper-Hewitt, National Design Museum and the National Museum of the American
Indian are in New York City. The Smithsonian Tropical Research Institute is located in the Republic of
Panama, The Smithsonian Environmental Research Center in Edgewater, Maryland, the Smithsonian
Marine Station in Fort Pierce, Florida, and the Caribbean Coral Reef Ecosystems Laboratory at Carrie Bow
Cay, Belize.

The Smithsonian Scientific Diving Program is in the Office of the Provost and conducts
approximately 4,000 scientific dives annually. Headed by the Smithsonian Scientific Diving Officer, a
staff of 6 Unit Diving Officers authorizes approximately 200 scientific divers to conduct underwater
research under the auspices of the Institution.
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About Divers Alert Network
http://www.diversalertnetwork.org

Divers Alert Network (DAN), a nonprofit organization, exists to provide expert information and
advice for the benefit of the diving public. DAN's historical and primary function is to provide
emergency medical advice and assistance for underwater diving injuries, to work to prevent injuries, and
to promote diving safety.

Second, DAN promotes and supports underwater diving research and education, particularly as it
relates to the improvement of diving safety, medical treatment and first aid.

Third, DAN strives to provide the most accurate, up-to-date, and unbiased information on issues of
common concern to the diving public, primarily, but not exclusively, for diving safety.

For scuba divers worldwide, DAN means safety, health, and peace of mind.

Founded in 1980 to provide an emergency hotline to serve injured divers and the medical personnel
who care for them, DAN is a 501(c)(3) non-profit dive safety organization affiliated with Duke University
Medical Center in Durham, North Carolina, and supported by the largest membership association of
divers in the world.

DAN is best known for its 24-hour diving injury hotline, ALERT DIVER, the Dive Safety and Medical
Information, and its medical research programs. However, DAN America and its international affiliates
also serve the recreational scuba community with diving first aid training programs, dive emergency
oxygen equipment, affordable dive accident insurance, and books and videos on scuba safety and health.

Most importantly, DAN is a reference for divers, members of the medical community, and
emergency medical services personnel who often refer to DAN for consultation about the management of
a relatively unusual kind of emergency.

In addition to supporting diving's lifeline, DAN members receive a number of valuable dive and
travel benefits. DAN members are also eligible for the exclusive DAN Tag®, diving's original dive and
travel emergency I.D. system.
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About the American Academy of Underwater Sciences
http://www.erols.com/aaus

The mission of the American Academy of Underwater Sciences (AAUS) is to promote the safety and
welfare of its members who engage in underwater science.

To accomplish this mission, the Academy has established five objectives. These objectives underlie
all Academy activities:

• To develop, review and revise standards for safe scientific diving certification and the safe operation
of scientific diving programs;

• To collect, review and distribute statistics relating to scientific diving activities and scientific diving
incidents;

• To conduct symposia and workshops to educate the membership and others in safe scientific diving
programs and practices;

• To represent the scientific diving interests of the membership before other organizations and
government agencies; and,

• To fund research, education and development of safe scientific diving programs and practices.

Organized in 1977, the AAUS was incorporated in the State of California in 1983. The Board of
Directors, responsible for governing the corporation, consists of an elected President, President-Elect,
Secretary, three Directors, an appointed Treasurer and four standing Committee Chairs (Standards,
Statistics, Membership and Finance).

An Advisory Board of past board members provides continuity and a core of expertise to the AAUS.

Membership in the Academy is granted to individuals in the member, associate member and student
member categories, and to organizations currently engaged in scientific diving activities.

In 1982, OSHA exempted scientific diving from commercial diving regulations (29 CFR Part 1910,
Subpart T) under certain conditions. The final guidelines for the exemption became effective in 1985
(Federal Register, Vol. 50, No.6, p.1046). The AAUS is recognized by OSHA as the scientific diving
standard-setting organization.

One of the primary contributions of the AAUS to the scientific diving community is the promulgation
of The AAUS Standards for Scientific Diving Certification and Operation of Scientific Diving Programs. A
consensual guideline for scientific diving programs, this document is currently the "standard" of the
scientific diving community. Followed by all AAUS Organizational Members, these standards allow for
reciprocity between institutions, and are widely used throughout the United States and in many foreign
countries. Peer reviewed within the AAUS on a regular basis, they represent the consensus of the
scientific diving community and state-of-the-art technologies. To date, over 6,000 copies of this document
have been provided to the scientific diving community.



About the Diving Equipment and Marketing Association
http://www.dema.org

DEMA's Mission
The Diving Equipment and Marketing Association is a global group of companies and organizations
whose mission is to promote and provide sustainable growth in safe recreational diving while protecting
the underwater environment.

Goals and Priorities of DEMA
I. Marketing and Promotional Goal: To increase the awareness of diving to the public. The Marketing

and Promotional Plan will include, but not be limited to, a plan that will meet the following
parameters:
A. National in scope

- Increase participation of new divers
- Keep existing divers active;

B. Recognizable as industry campaign;
C. Has measurable results;
D. Utilizes appropriate internal and external resources to coordinate promotional efforts; and,
E. Develops marketing partnerships with major businesses (outside of our industry).

II. Research Goals are to make DEMA the resource for the collection and dissemination of consistent
industry data that includes:
A. Certification data;
B. Retail sales data;
C. Manufacturing data; and,
D. Consumer attitude and interest data

- Why consumers dive/don't dive
- Why divers stop diving (drop out).

III. Membership Goals are to:
A. Create value for the membership through the ongoing development of member benefits;
B. Implement continued and effective communication; and,
C. Increase membership by 10% per year.

IV. DEMA Trade Show Goals are to:
A. Make the DEMA show more beneficial to members, measured by:

- Better working relationship between show management and exhibitors;
- Increase perceived value to Attendees; and,
- Increase perceived value to Exhibitors;

B. Produce a more successful trade show, measured by:
-More buyers;
- More net profit to DEMA; and,
- Increase number of exhibit spaces in show;

C. Insure future revenue streams for DEMA
- Decide on future management of show
- Assure availability of future venues

V. Budget: Manage the financial resources of the association to assure that a maximum amount of
available resources are targeted toward the successful funding of the prioritized goals of the
association.

DEMA Represents the Whole Industry
DEMA, as the Diving Equipment and Marketing Association, was formed to encompass the entire

diving industry: manufacturers, retailers, publications/media, travel, resorts, education and certification
agencies, and government and non-government tourism organizations. In addition to representing all
industry stakeholder groups, DEMA is a truly global organization as evidenced by the DEMA multi-
national Dive Business Seminars, the Asia Pacific Advisory Committee, the DEMA Europe office in
Brussels and our European Advisory Committee.
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About DIVE TRAINING Magazine
5215 Crooked Road
Parkville, MO 64152

(816) 741-5151

DIVE TRAINING magazine is written and edited for divers in training, their instructors and those
who own and operate dive retail operations. Launched in 1991 the publication has become recognized as
a leader in presenting how-to, back-to-basics and environmental information for divers of all experience
levels. Distributed through over 2,000 local retailers, on the newsstand and through individual
subscriptions, the magazine is widely read and quoted.

The Smithsonian Institution World Ocean Report is a regular DIVE TRAINING editorial feature that
discusses scientific research around the world. In addition, each monthly issue of DIVE TRAINING
carries of wide variety of information on diving techniques, proper equipment usage, training topics,
instructor tips, travel destinations and much, much more.

With the motto of "Good Divers are Always Learning," DIVE TRAINING is focused on providing its
audience with easy to read articles that have the kind of substance needed to inform, educate, and remind
divers of their responsibilities to themselves, their dive companions and the ocean environment. At the
same time the editorial is designed to keep divers interested and excited about the world of underwater
adventure.
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PRESENTATION OF THE ISSUES

Michael A. Lang
Smithsonian Institution

Office of the Provost
900 Jefferson Drive SW

Washington, D.C. 20560-0415 U.SA.

The conduct of reverse dive profiles is being performed with increasing frequency. Some dive
industry leaders have taken the position that if a particular brand of dive computer permits a reverse dive
profile, then such a dive must therefore be acceptable. Questions have arisen from diving supervisors
and colleagues with respect to the appropriateness of conducting reverse dive profiles. Is there a
physiological basis for not conducting these or is there a mechanical constraint within the dive tables that
penalizes the diver with a reduction in bottom time for making a deep dive after a shallow exposure? Is
the common, recommended practice of conducting progressively shallower dives favored by
experimental evidence? Within a single profile exposure, for what reasons is it contraindicative to spike
to a deeper depth after a long shallow exposure? What is the role and importance of bubble nucleation in
assessing the risk associated with reverse dive profiles? Does it really matter in which order dives are
conducted as long as one keeps track of nitrogen loads and performs adequate decompression? What
role does the rate of ascent play after conducting reverse dive profiles? How do diving supervisors
manage divers after reviewing submitted dive logs showing reverse pressure exposures? Is there an
acceptable gray zone for reverse dive profiles, e.g., not more than a 10-meter pressure differential?

These questions framed the scope and objectives of this workshop. The interdisciplinary
backgrounds of this workshop's participants are important in combating insularity, because, in our
particular field, you can do your research and get results and know more and more about less and less.
Questions surrounding an activity such as diving demand significant input from various segments of the
community: professionals in physiology, physics, decompression modeling and hyperbaric medicine;
diving equipment manufacturers; and training organizations from the recreational, scientific, commercial
and military communities.

A critical examination of reverse dive profiles was a logical extension of the dive computer,
biomechanics of safe ascents, and repetitive diving workshops where we successfully addressed those
related issues as an industry. Through formal presentations and discussions by workshop participants,
findings and a conclusion will perhaps be delivered as a consensus.

It would not be unreasonable, for the purposes of this workshop, to define a reverse dive profile as either
two dives performed within 12 hours in which the second dive is deeper than the first; or, as the performance
of a single dive in which the latter portion of the dive is deeper than the earlier portion.



THE EVOLUTION OF REPETITIVE DIVING: FROM HALDANE (1908) TO HARDY (1999)

John E. Lewis
4524 Pabs Verdes Drive East

Rancho Palos Verdes, CALIFORNIA 90275 U.S.A.

The historical evolution of both dive tables and dive computers is presented and, where relevant,
theoretically analyzed. Experimental data are included, and where available, test data for reverse
profiles are identified. An attempt is made to summarize the present state-of-the-art, and an
analysis of multilevel diving is attempted. Finally, an opinion as to the relevance of a rule to
restrict reverse profiles is included.

Introduction

If a diver is using the U.S. Navy Repetitive Dive Table, "reverse profiles," i.e, deeper second dives,
always produce less bottom time or increased decompression times for the same bottom times. Thus, one
reason for avoiding deeper repetitive dives is a practical one. If a diver is using the PADI Recreational
Dive Planner or a dive computer that is based on the same experimental data base, one reason for
avoiding deeper repetitive dives is that they are beyond the tested experimental envelope.

Both are sound reasons. However, the question still remains as to whether there is any theoretically
or experimentally demonstrable reason that a subsequent repetitive dive should be shallower than the
previous dive. For recreational divers using a dive computer, multilevel diving poses the more
complicated issue of what is the proper depth for comparison of dive profiles.

The historical evolution of both dive tables and dive computers is reviewed and, where relevant,
theoretically analyzed. Experimental data, in particular test dafa for reverse profiles, are evaluated. An
analysis of multilevel diving is attempted, and an opinion as to the relevance of a rule to restrict reverse
profiles is included.

A Little History

Rules for repetitive diving are as old as the foundation of all present decompression theories. "A
diver has often to descend twice or (more) at short intervals. To meet the increased risk . . . add together
the two periods of exposure and adopt the corresponding rate of decompression shown in the Tables. As
the interval between successive dives increases, the added danger of decompression diminishes. With an
hours' interval the extra precautions might be halved, and with two or three hours' interval they might be
omitted." - (Boycott, Damant, and Haldane, 1908).

The UNIVAC Method

Haldane's rule, at least the simpler form of it, was adopted by the U. S. Navy. "Use the combined
times on bottom for all exposures and the depth of the latest dive in determining the decompression
schedule to use." - Bureau of Ships Diving Manual (1952).

By the mid-1950's, Dwyer, des Granges, and others at the Navy Experimental Diving Unit (NEDU)
recognized that this rule was unsatisfactory for a number of reasons and began evaluating other methods.
Dwyer (1956) reported the following method (referred to as the "UNIVAC method" because it required
calculations by the UNIVAC computer at the David Taylor Model Basin). "To keep the number of tables
within practical limits, it is desirable to assume that for the preceding dive all tissues surfaced fully
saturated to their maximum allowable tissue pressures."
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Dwyer's approach does not depend in any way on the previous dive, since all tissues are assumed to
be saturated to their allowable limits. It does, however, depend on the depth of the repetitive dive.
Consider, for example, two no-decompression (NoD) dives to depths of 60 and 100 ft, and contrast
Dwyer's theory with the Bureau of Ships Diving Manual (1952) rule of simply adding times. As can be
seen in Figure 1, for the conventional procedure of making the 100 ft dive first, there is the possibility that
for short surface intervals the BuShip rule is inadequate. For the reverse profile example shown in Figure
2, the BuShip rule is dramatically over-conservative. Regardless, the BuShip rule clearly favors the
conventional wisdom of making the deep dive first.

RNT
(MIN)

10

First Dive 100 ft/20 mln
Second Dive 60 ft

Theory

BuShip Rule (1952)

1 2 0 1 8 0 2 4 0

SURFACE INTERVAL (MIN)

Figure 1. BuShip 1952 rule compared to the theory of Dwyer for conventional shallower
repetitive dive. RNT = Residual Nitrogen Time.

so

40
RNT
(MIN)

BuShip Rule (1952)

First Dive 60 «t/S5 mln
Second Dive 100 ft

Dwyer Theory

1 0 0 2 0 0 3 0 0

SURFACE INTERVAL (MIN)

Figure 2. BuShip 1952 rule compared to the theory of Dwyer for deeper repetitive dive.

Dwyer's method appears to be a clear improvement dependent solely on the premise upon which the
entire decompression tables are based. However, what does it say about reverse profiles? In Figure 3, the
fraction of the NoD times based on Dwyer's theory indicates that Dwyer's theory favors reverse profiles,
at least for NoD dives. The reason for this is that NoD diving at shallower depths are controlled by
slower tissues, and since all tissues are assumed to be saturated at the beginning of the surface interval,
NoD times at deeper depths recover faster.

However, Dwyer's (1956) theory was not recommended for fleet use. The reasons for abandoning the
method reported by Dwyer are stated by des Granges (1957) as follows:

1) "One of the greatest drawbacks to the UNIVAC method is the number of pages that would be
required. Six surface intervals would require 6 to 12 pages . . . "

2) "The amount (of new calculations) is debatable, but would be considerable."
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1.0

%NDT

0.5

0.0

100 FT

DWYER'STHEORY FOR
REPETITIVE DIVES

60

SURFACE INTERVAL (MIN)

120

Figure 3. Dwyer's theory for repetitive dives (%NDT = No-Decompression Time)

Thus, the number of pages required for Dwyer's method and the limitations of the 1957 UNIVAC
computer would appear to be the primary reasons that the present U.S. Navy Repetitive Dive Table does
not favor reverse profiles.

The U.S. Navy Repetitive Dive Table

The approach defined by des Granges, which lead to the present U.S. Navy Repetitive Dive Table,
calls for repetitive dives to be controlled by the 120 minute tissue. For dives that are entirely controlled
by the 120 minute tissue, the methods of des Granges and Dwyer should be identical. A 200 minute dive
at 60 ft, for which over one hour of decompression is required, is one such example, and, as can be seen in
Figure 4, Dwyer's theory and the present Navy Table are in close agreement.

RNT
(MIN)

ISO

100

SO

FIRST DIVE 60 FT/200
SECOND DIVE 60 FT

60 120 180 240

SURFACE INTERVAL (MIN)

Figure 4. A comparison of Dwyer's theory with U.S. Navy Repetitive Dive Table

In Figure 5, the theories are contrasted for a NoD dive at 100 ft followed by a repetitive dive to 60 ft.
For short surface intervals, Dwyer's theory is more conservative because of the assumption of fully
saturated tissues. However, for surface intervals greater than about 60 minutes, the Navy Table is more
conservative. In Figure 6, the comparable example of a reverse profile shows that the Table is
considerably more conservative than even the assumed fully-saturated tissues approach of Dwyer.

The reasons for this seeming non sequitur is that the deeper dive is controlled by a much faster tissue.
We shall return to this issue later, but for now it is useful to review the experimental validation
conducted by des Granges.
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RNT
(MIN)

DES GRANGES THEORY
USN TABLE
DWYER THEORY

FIRST DIVE 100 FT/20 MIN
SECOND DIVE 60 FT

60 120 180 240

SURFACE INTERVAL (MIN)

Figure 5. The theories of Dwyer and des Granges compared for a NoD first dive followed by a
conventional shallower repetitive dive.

RNT
(MIN)

40

30

20

10

DES GRANGES THEORY
USN TABLE
DWYER THEORY

FIRST DIVE 60 FT/55 MIN
SECOND DIVE 100 FT

60 120 180 240

SURFACE INTERVAL (MIN)

Figure 6. The theories of Dwyer and des Granges compared for a NoD first dive followed by a
deeper repetitive dive.

Some Data at Last

Over 60 dives were conducted to validate the Repetitive Dive Table devised by des Granges. These
dives are reported fully in the Appendix, but in order to get a sense of the emphasis of the approach and
des Granges's attitude toward reverse profiles, the data are presented in graphical form.

Shown in Figures 7 and 8 are histograms of the depths of the first and second dives, and it is clear
that the emphasis of these series of tests was on reverse profiles.

This is shown even more clearly in Figure 9, where the depth of the second dive is plotted versus the
depth of the first dive. Over 62% of the second dives were deeper than the first dives. In Figure 10, a
histogram of the surface intervals shows that a major emphasis of des Granges was short surface
intervals, where the new theory was less conservative than the approach of Dwyer.

Before leaving these data, it should be noted that a majority of these dives were decompression dives
(46% of the first dives, 70% of the second dives, and 43% of both dives required decompression).

In summary, des Granges does not appear to have believed that reverse profiles should be avoided.
Further, his test data do not show any bias in favor of shallower repetitive dives. The primary conclusion
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of these tests was that with the avoidance of any repetitive dives deeper than 190 ft, the U.S. Navy
Repetitive Dive Table represented a valid approach.

£40 <70 <100 <130 <160 £190

DEPTH (ft)

Figure 7. Depth distribution of first dives tested by des Granges

201

£40 <70 <100 <130 <160 £190

DEPTH (FT)

Figure 8. Depth distribution of repetitive dives tested by des Granges

300

D2 (FT)

200-

100"

"REVERSE PROFILES"

"NORMAL PROFILES"

100 200 300

D1 (FT)

Figure 9. Distribution of depths for des Granges's test data.
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<60 <120 <180 <240 240<

SURFACE INTERVAL (MIN)

Figure 10. Surface intervals for des Granges's test data

Time for Some Theory

If we return to the same depth after no surface interval and ignoring decompression during ascent,
any tissue could be used to quantify the first dive. Further, if we choose the slowest tissue and there is a
surface interval, this will always be a conservative choice. However, what if the depth is different? Is the
Residual Nitrogen Time (RNT) calculated always greatest for the 120 minute tissue? The answer is no,
but almost, and the problem does not lie in deeper repetitive dives.

In addition to the 190 ft restriction on repetitive dives, des Granges cautions divers to observe a
minimum 10 minute surface interval. The reason for this is a theoretical consideration rather than a
practical one. This problem is illustrated in Figure 11, where nitrogen loading for short surface intervals
following a dive to 100 ft for 20 minutes is presented.

N (FSW)

FIRST DIVE 100 FT/20 MIN

• SI=0 MIN
• Sl=5

SI=10

80 120

TAU (MIN)

Figure 11. Nitrogen loading for various tissues as a function of surface interval for a dive to 100
ft.

By definition, RNT is the time spent at the repetitive depth required to reach the residual nitrogen
loading, N. When the repetitive depth is less than N, RNT has no meaning. For a minimum repetitive
depth of 40 ft, this no longer presents a problem for surface intervals greater than 10 minutes.

For the example of a dive to 60 ft for 55 minutes illustrated in Figure 12, it is clear that no such issue
exists for any depth greater than 60 ft, let alone a repetitive dive to 100 ft, i.e, reverse profiles present no
limitation on the surface interval.

Actually, there are examples for which the 10-minute surface interval is not sufficient to insure that
the RNT for the 120 minute tissue is greater than all others, but such examples are rare and vanish well
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before 15 minutes. The concept defined by des Granges appears to be theoretically sound with the minor
exception of very short surface intervals, which he recognized, and then only for shallower repetitive
dives.

1001

80"

N (FSW)

FIRST DIVE 60 FT/55 MIN

• SI=0 MIN
n

SI = 10

10 20 40 80

TAU (MIN)

Figure 12. Nitrogen loading for various tissues as a function of surface interval for a dive to 60
ft.

Dive Computers and New Data

By the late 1970's, inexpensive pressure transducers, microprocessors, and LCDs became available
and many efforts were underway to develop what would become dive computers. The first
commercially successful device was the EDGE (Loyst et al, 1991), which was distributed by ORCA
industries and lead to the pioneering experiments on multilevel diving by Karl Huggins (1983).

Karl Huggins

These experiments included 3 dives to maximum depths of 130 ft for bottom times in excess of 40
minutes. The U.S. Navy Standard Air Decompression Tables call for over 60 minutes of decompression.
Huggins's tests (see below), which were successful, used none. Based on maximum depth, this series of
tests also consistently included the reverse profiles illustrated below:

Dive l
Dive 2
Dive 3

Dayl
DMAX=130ft
DMAX=25ft

DMAX=100ft

Day 2
DMAX=130ft
DMAx=60 ft

DMAX^lOft

Day 3
DMAX=130ft
DMAX=40ft
DMAX=70ft

However, the final depths while "reverse" for the third dive present a somewhat less convincing case

Divel
Dive 2
Dive 3

Dayl

DpiNAL=25ft

Regardless of the issue of reverse profiles,

Day 2
DRNAI=50 ft
DFINAL=25 ft

Day 3

DnNA,=25ft
'-'FINAL-

hese test dives demonstrated beyond any reasonable
doubt that multilevel diving, the most important contribution of dive computers, was a demonstrably
sound procedure.

CapL Ed Thalmann

During this same period, the U.S. Navy was embarked on an effort to develop a dive computer for
use with the MK-15 rebreather, which produces a breathing mixture with a constant oxygen content of 0.7
ata. This effort, which was directed by Capt. Ed Thalmann (1980, 1983, 1986), was accompanied by
extensive testing of various decompression algorithms. In the course of these test programs, Thalmann
tested at least 2 reverse profiles successfully.
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EAD(FT)
30
0

106

DIVE TIME (MIN)
210
80
16

EAD(FT)
43
0
81

DIVE TIME (MIN)
142
80
8

However, the most significant result of this series of test programs was the conclusion that safe
repetitive dive profiles could not be attained when maintaining reasonable NoD limits unless the
theoretical relaxation of nitrogen loading was abandoned. Thalmann called this a "E-E model" referring
to the exponential uptake and exponential relaxation, and while this model was unsatisfactory, the U.S.
Navy Repetitive Dive Table was shown to be considerably more conservative than necessary.

Thalmann (1986) performed a systematic evaluation of various algorithms for NoD repetitive air
dives at depths of 80,100,120, and 150 ft with a 60-minute surface interval. At the 80 ft depth he tested
two additional surface intervals of 95 and 180 minutes, and finally at the depth of 100 ft, he added a third
dive.

All of the test dives with the 60-minute surface interval were successful and are shown in Figure 13,
contrasted with the theory of des Granges and a E-E theory. As can be seen, the RNT based on the 120-
minute tissue is shown to be overly conservative by about a factor of 2. In Figure 14, the test data at 95
and 180-minute surface intervals for the 80 ft dives are again contrasted with the theory of des Granges
and the E-E theory. For these additional test dives, the results were not always satisfactory, indicating
that these intermediate RNTs are near an acceptable limit.

30

RNT
(MIN)

2 0 "

10"

(0/20)

60 Minute
Surface Interval

des Granges Theory

(0/16) ( 0 / 2 0 )

(0/10)

E-E Theory

60 100 120 140 160

DEPTH (FT)

Figure 13. Thalmann's repetitive NoD air dives at various depths with a 60-min surface interval.

RNT
(MIN)

10"

SURFACE INTERVAL (MIN)

Figure 14. Thalmann test data for 80 ft repetitive NoD air dives.

10



Lewis: Evolution of Repetitive Diving

The triple NoD dives to 100 ft were remarkably unsuccessful. Out of 19 test dives, 2 cases of DCS in
the test divers plus one case of a tender that was 7 ft shallower and warm. This result, coupled with the
data of Leitch and Barnard that is described below, indicates that repetitive deep dives seem to have
inherent risks that are not comprehended by theories that work well for other dive profiles.

Depth/Time
100ft/26.5

Surface Int
60min

Depth/Time
100 ft/17.7

Surface Int
60min

Depth/Time
100 ft/15.9

As can be seen in Figure 13, while des Granges' theory is overly conservative, the E-E Model fails for
these 80 ft repetitive air dives. Other repetitive dive profiles were tested: some successfully, others not.
However, their interpretation is clouded by the simultaneous attempt to increase established NoD limits.

Dr. Carl Edmonds

In 1989, Lang and Hamilton chaired the American Academy of Underwater Sciences (AAUS)
workshop on dive computers at Catalina Island. During this meeting, Dr. Carl Edmonds pointed out that
"EDGE-like" dive computers allowed multiple deep repetitive dives with virtually no restrictions,
whereas the tests of Leitch and Barnard (1982) indicated that even with limited NoD times, this type of
model was inadequate.

Leitch and Barnard

The following test dives produced a considerable percentage of cases of DCS.
DEPTH (FT

120-140
0

120-140
0

120-140

DIVE TIME (MIN)
10
120
10

120
10

DEPTH (FT)
147
0

147
0

147

DIVE TIME (MIN)
5
60
5
60
5

Interestingly, repetitive deep decompression dives (See Fife et al, 1992) that do not push the limits do
not seem to have the same problems.

The Leitch and Barnard tests also involved one successful series of reverse profiles:

DEPTH (FT)
82
0

115
0

147

DIVE TIME (MIN)
5
60
5
60
5

PADI, Rogers, and Powell

Within one year of the AAUS workshop on dive computers, PADI had issued a new set of repetitive
dive tables based on an extensive set of multilevel, repetitive NoD dives conceived by Dr. Ray Rogers and
conducted by Dr. Michael Powell. Rogers hypothesized and Powell demonstrated that for NoD dives
with reduced limits, the 120-minute control tissue could be relaxed to a 60-minute tissue.

This series of 743 test dives (Powell et al, 1986) represented a dramatic extension of the original tests
by Huggins as well as the test of a new hypothesis for repetitive recreational diving. The dives were
Doppler monitored and were successful.

Pelagic Dive Computers

Beginning in 1990, all Pelagic dive computers have used this database for validation of their
algorithms. Examples of the comparison of these data with a Pelagic dive computer are shown below.

11
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Table 1. Pelagic Dive Computer compared to Powell Test Data

Depth (ft)
100
50

110
0
65
0
45

85
0
45

45
0
85

Test Data(min)
20
29

17
37
31
23
51

27
43
72

100
75
20

Pelagic DC (min)
19.7
293

165
37

30.1
23

46.1

28.1
43

685

1015
75

21.3

As can be seen, Powell's test data include one example of a reverse profile. With the exception of
deep repetitive dives, such as those demonstrated by Leitch and Barnard to be unsafe. Pelagic dive
computers have no explicit restriction on reverse profiles.

Jon Hardy

Up until recently, the term deep repetitive dives has been used to describe the unsuccessful tests of
Thalmann (1986) and Leitch and Barnard (1982). These consisted of multiple dives to the same depth
followed by a direct ascent to the surface with the depths varying between 100 and 150 ft. Perhaps after
reviewing the recent results of Hardy (1999), these dives should be more carefully referred to as repetitive
deep bounce dives.

A total of 14 man-dives were conducted in the fall of 1998 that involved reverse profiles. The first
dive was made to a shallow depth of about 55 ft followed by a much deeper repetitive dive to a depth of
125 ft. The surface interval was 60 minutes, and no cases of DCS occurred. However, these dives have
two features that are different from the problematic dives previously described. First, the initial dive is to
a shallow depth. A second, more important, feature is that they did not involve a direct ascent to the
surface.

As can be seen below, the ascent rates were approximately 25 ft/min, which is equivalent to a 3
minute stop at 60 ft for an ascent rate of 60 ft/min, and all dives had a 3 minute stop at 10 ft.

Dive No.

1
2
3
4
5

Descent

2
3
1
1
1

Dl

52
55
58
57
59

Tl

36
40
30
29
34

Ascent

4
3
3
3
2

SI

60
60
60
60
60

Descent

3
3
2
2
2

D2

125
125
125
125
125

T2

9
8
9
9
9

Ascent

5
7
5
5
4

1UM

3
4
3
3
3

No incidents of DCS occurred, and the generally accepted "rule" of always making the deepest dive
first has been tested once again, but with the important exceptions listed above.

Multilevel Diving

Multilevel diving represents a new issue when evaluating what is a reverse profile. Recall that all of
Huggins' final repetitive dives were reverse profiles when the maximum depth was considered.
However, if one looks at the theoretical nitrogen loading of various tissues after a single dive where

12
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repetitive control is not an issue, the following figures indicate that maximum depths may not be the
proper criteria.

In Figure 15, the surfacing value of nitrogen loading for various tissues is shown for two of Powell's
test dives: Profile #1 is a bounce dive to 130 ft for 12 minutes, and Profile #14 is a multilevel dive with a
maximum depth of 130 ft/12 followed by 20 ft/21,45 ft/23, and 35 ft/42 minutes. As can be seen, the
resulting nitrogen loading is dramatically different.

100

8 0 -

N (FSW)

60"

#14 130 MAX MULTILEVEL

• #1 130 FT BOUNCE

4 0 "

2 0 -

20 40 80 120

TAU (MIN)

Figure 15. Nitrogen loading following 2 dives to 130 ft max depth.

In Figure 16, Powell's #14 multilevel dive is compared with a single bounce dive to 45 ft for 100
minutes. Clearly, the nitrogen loading is much more similar, with only the fastest tissues exhibiting any
significant differences.

1001

8 0 "

N (FSW)

60-

• #14 130 FT MAX MULTILEVEL

• #4 45 FT/100 MIN

120

TAU (MIN)

Figure 16. Powell's 130 ft max depth multilevel dive compared to a long shallow dive.

It is concluded that for dive computer controlled NoD diving, the maximum depth is not a proper
criterion for categorizing a repetitive dive as a reverse profile. Many recreational dives, including
repetitive dives, involve maximum depths in excess of 100 ft. These dives are conducted with dive
computers that allow multilevel diving, and, excluding safety stops, the final depths of these dives
typically vary between 30 and 60 ft.

Theoretically, the final tissue loading is governed by the final shallow depths of the dive. In point of
fact, these dives act like decompression dives insofar as fast tissues that control deep dives are concerned.

13



Lang and Lehner (Eds.): Reverse Dive Profiles Workshop, Smithsonian Institution, October 1999.

Further, unlike deep repetitive bounce dives that have been shown to be unsafe and clearly should be
avoided, these dives have not produced any reported increase in the occurrence of DCS.

Summary

Despite a careful review of the literature from Haldane (1908) to Hardy (1999), no theoretical or
experimental evidence has been found that indicates a repetitive dive must be shallower than the dive
that precedes it. An important exception is deep repetitive dives that are followed by a direct ascent to
the surface, which have repeatably been shown to produce a high incidence of DCS. Repetitive deep
decompression dives that do not push the limits do not seem to have the same problems.

For those divers who use a dive computer and are taking advantage of its multilevel capability, any
rule to avoid reverse profiles would seem to be irrelevant.

For those unfortunate few still using a dive table, the avoidance of reverse profiles is an important
practical rule that results in more bottom time.
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Appendix 1.

All depths in fsw.

Repetitive Dive Test Data of des Granges

Bottom times and surface intervals in minutes.

DIVE N O
1

2

3

4
5
6

7
8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

29

30

31

32

33

36

37

38

39

40

41

42
43

44
45

Dl(FT)
100

20

150

25

180

70

80

50

70

90

50

120

50

100

190

60

100

60

190

90

150

190

60

80

80

70
70

90

150

40

70

35

120

25

210

220

70

270

35

300

35

230

40

Tl(MIN)
5

39

5

48

5

20

20

40

30

25

5

10

10

30

15

60

30

50

20

50

30

25

100

130

90

40
130

100

60

5

5

15

5

57

5

5

25

5

70

5
90

10

90

SI (MIN)
6

240

95

127

344
177

109

69

233

22

71
128

196

297

29

66

103

145

6

264

358

14

38

92

86

115

145

182

221

6

6

6

6

6

6

6

6

6

6

6

6

6

6

D2(FT)
180

90

40

140

150

140

170

190

160

120

150

110

60

130

80

180

140

170

160

190

140

90

170

70

110

80

100

130

80

100

100

110

110

120

50

50

140

150

150

180

200

50

100

T2(MIN)
6

37

183

35

8

37
34

12

36

32

28

17

83

34

42

26

25
30

14

34

10

47
26

23

29
32

34

24

17

26
24

19

17

30

117

102

26

6

15

36

17

34
20

16
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46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

34

35

35

280

40

300

35

260

60

40

290

100

280

120

260

140

10

15

30

170

120

10

110

10

160

15

90

160

15

60

20

60

25

60

19

25

32

5

6

6

6

6

6

6

6

6

6

6

6

6

6

86

6

6

6

6

60

70
80

190

280

260

90

40

160

70

80

130

160

220

90

130

120

70

79

36

32

20

5

4
47

28

29

36

47

28

34*

23»

32

56

41

31

DCS
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Appendix 2. Reverse Profile Test Data

All depths in fsw. Bottom times and surface intervals in minutes. - des Granges (1957)

DIVE NO
1

2
4

6

7

8

9

10

11

13

14

16

17

18

20

23

25

26

27

28

30

31

32

34

36

39

41

43

45

46

48

50

52

57

59

60

61

Dl
100

20

25

70

80

50

70

90

50

50

100

60

100

60

90

60

80

70
70

90

40

70

35

30

25

70

35

35

40

35

40

35

60

120

140

10

15

Tl

5
39

48

20

20

40

30

25

5
10

30

60

30

50

50

100

90

40

130

100

5

5

15

32

57

25
70

90

90

120

110

160

90

60

60

19

25

SI
6

240

127

177
109

69

233

22
71

1%

297

66

103

145

264

38

86

115

145

182

6

6

6

6

6

6

6

6

6

6

6

6

6

6

86

6

6

D2
180

90

140

140

170

190

160

120

150

60

130

180

140

170

190

170

110

80

100

130

100

100

110

120

120

140

150

200

100

60

80

280

90

130

220

90

130

T2
6

37

35

37

34

12

36

32

28

83

34

26

25

30

34

26

29

32

34

24

26

24

19

41

30

26

15

17

20

79

32

5

47
28

23»

32

56

DCS
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Appendix 2 (cont). Reverse Profile Test Data

Leitch and Barnard (1984)

Dl
82

Tl
5

SI
60

D2

115

T2
5

SI
60

D3
147

T3
5

Thalmann Phase II 0.7 ata (1984)

DIVE NO

1
2

EAD1

30
43

Tl

210
142

SI

80
80

EAD2

106
81

T2

16
8

Powell (1988)

DIVE NO

1 •

Dl

45

Tl

100

SI

75

D2

85
T2
20

Hardy (1999)

DIVE NO

1
2
3
4
5

DESCENT

2
3
1
1
1

Dl

52
55
58
57
59

Tl

36
40
30
29
34

ASCENT

4
3
3
3
2

SI

60
60
60
60
60

DESCENT

3
3
2
2
2

D2

125
125
125
125
125

T2

9
8
9
9
9

ASCENT

5
7
5
5
4

1OFT

3
4
3
3
3
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REVERSE DIVE PROFILES: RISK VERSUS BENEFIT

GlenH.Egstrom
University of California Los Angeles

3440 Centinela Avenue
Los Angeles, CALIFORNIA 90066-1813 U.S.A.

The issue of risk versus benefit has been an integral part of diving technology and research since
the beginning of the evolution of scuba. Traditional diving operations have been slow to change in
the face of new developments and controversy has followed virtually every new development.
Unfortunately, the controversy has generally been based upon traditional points of view and
emotion rather than upon credible scientific fact. It appears that we may be in such a quandary
with the focus of this workshop. It is well known that repetitive divers are admonished to make the
deep dive first followed by progressively shallower dives. In spite of this, there is the well-known
fact that many divers will follow a shallow dive with a deeper dive, most commonly with no
symptoms of decompression illness. A limited review of literature indicates that there may have
been an interpretation made with regard to the issue using tables and gaining bottom time
advantages with the deep dive first as opposed to any actual prohibition of the practice. This paper
provides information on the evolution of the deep dive first language and reviews the logic as it
has been promulgated in the training materials of the various organizations. It also identifies the
basis of the expected benefits of the deep dive first view compared to the more recent advice that the
dive profile doesn't make any difference as long as the gas loads are within the accepted range.

Introduction

The issue of risk versus benefit has been an integral part of diving technology and research since the
beginning of the evolution of scuba. Traditional diving operations have been slow to change in the face
of new developments and controversy has followed virtually every new development. A few of the more
memorable issues have centered around single versus two-hose regulators, life vests versus buoyancy
compensators, front-mounted versus back-mounted buoyancy compensators and "jackets," and dive
tables versus dive computers. Unfortunately, the controversies have generally been based upon
traditional points of view and emotion rather than upon credible scientific fact. The current reverse
profile controversy appears no different than past exercises. I find a quote by Ben Franklin (1887) to
provide some perspective on this issue. In the year 1887 he observed "Having lived long I have
experienced many instances of being obliged by better information and for consideration to change
opinions even on important subjects which I once thought right but found to be otherwise."

It appears that we may be in a similar quandary with the focus of this workshop. There appears to be
a traditional and long-standing position that diving shallow before deep carries an unacceptable degree
of risk for the diver. The question of the risk versus benefit of performing "reverse profile" dives has not,
however, to this date, been provided with a satisfactory answer based upon valid scientific evidence. It is
well known that repetitive divers are admonished to make the deep dive first followed by progressively
shallower dives. In spite of this, there is the well-known fact that many divers will follow a shallow dive
with a deeper dive, most commonly, if the practitioners are to be believed, with no symptoms of
decompression illness or other negative effects. The obvious question remains: does the reverse profile
increase the risk for DCS? If the risk is minimal, then the question, what are the benefits and are they
sufficiently important to warrant the risk, becomes paramount.

All too often we have been placed in the intellectually awkward position identified by Poul
Anderson, who stated "I have never encountered a problem, however complicated, which, when viewed
in the proper perspective, did not become more complicated." If we are to evaluate the risks of reverse
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profiles with regard to their acceptability, then it appears that we must delve into the complications that
go with the understanding of the problem in order to properly assess any risk involved.

Risk Assessment

It is, perhaps, worthwhile to spend a few moments on the issue of risk assessment in diving. One of
the first problems we face is to identify the nature of the risk and to determine whether it is acceptable to
our diving population. We know that diving has a number of inherent risks associated with it. By and
large they are acceptable to the diving population even though litigators for personal injury are quick to
point out that the risks were not clearly defined to their clients, who were, therefore, uninformed about
the true nature of the risk prior to their injury.

It appears that risk assessment on this issue must look both forward and backward in order to
develop a database for rational assessment. We have elements of the diving population that have
amassed a large amount of reverse profile experience. We have elements of the diving population that
are adamantly opposed to reverse dive profiles. We have tables that give some dive time advantages to
deeper dives first and we have many dive computers that cannot differentiate one way or the other.
While we may never gain a complete understanding of the problem, there are some tools available for
increasing our understanding.

Friedman (1994) in an Internet paper on "Understanding Risk" identifies four well-accepted analysis
steps needed for the assessment of risk. They are: identifying the hazards, establishing the relationship
between a dose and the response to that dose, analyzing potential public exposure, and describing the
risk. Using his categories and taking the blame for any misinterpretation of his points leads to the
following conclusions:

1. The identification of hazards should be based upon existing scientific evidence that can show a cause
and effect relationship between making a deep dive following a shallow dive and injury to the diver.

2. The dose/response relationship would require that an objective decision be made as to the degree of
differential pressure of nitrogen that causes an observed effect. This would normally involve a study
of a population of divers and its known response to reverse dive profiles. We need to know the
likelihood of increased injury in the diving population that is produced by the hazard. The length of
the exposures, surface intervals and the depth profiles are all part of the "dose" that must be
evaluated.

3. The analysis of potential public exposure will depend, in part, on the potential damage or benefits of
the practice of using reverse dive profiles. It may also depend upon the effect of a variety of
intervening variables such as physiological fitness, age, fluid balance, comfort level, sensitivity to
internal change, psychological variables, work rate, temperature and many others that may have an
effect on decompression effectiveness. What is the nature of the calculated risk that divers must
accept if they choose to conduct reverse dive profiles?

4. The description of the risk is then based upon the objective evaluation of the likelihood of the
occurrence of undesirable side effects following a given "dose" of reverse dive profile exposure. We
will never be without risk in diving, but we must use reasonable care in determining the degree of
risk we are prepared to accept. Usually risks of 1 in 1,000,000 are considered acceptable for virtually
any risk. Risks at the level of 1 in 100,000 are minimal, but the severity of the injury becomes an
issue. Brylske (1999) identifies 1,000,000 scuba divers with 935 reported injuries in 1996. That
appears to be 1 injury for every 1/370 divers, but when compared to swimming, which has one injury
for every 634 swimmers, scuba diving is relatively safe. The level of risk associated with diving in
general has always been quite well accepted by the diving population. Unfortunately, such
assessment needs a review of the actual number of exposures or the accurate size of the population as
well as the number and severity of the injuries to make a reasonable assignment of risk. Without the
denominator, the attempts at assigning risk are speculative.

A further problem seems to arise when attempting to establish the level of informed consent that
would be needed for the individual to adequately evaluate the risk of a given exposure. How much
knowledge about the risk is enough to develop a reasonable and prudent basis for acceptance of a given
level of the risk? When does the risk become unacceptable? The realistic assessment of risk must rely on
an examination of data drawn from the various disciplines that study the various aspects of the problem.
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Whoever said that there is no such thing as a simple problem had the right idea. It is critical that we do
not develop a "jump on the bandwagon" mentality that obscures the nature of the calculated risk and
avoids the serious consideration of the potential consequences of the practice of conducting or avoiding
reverse dive profiles. Developing "rules" without sufficient data may well have been an important factor
in the development of our current dilemma. It will be important to be able to establish that, based upon
the evidence, the risk while conducting the reverse dive profile is either greater, less than, or the same as,
the traditional practice of performing deeper dives first.

At any rate, communication of the best information available to the widest membership in the diving
community is clearly in the best interest of the safety of divers. This information must be accompanied
by the recognition mat there can be no guarantee of safety and that all risks are relative to the specific
conditions of each dive. Diving does and always has involved a calculated risk that the diver needs to
assess for every dive that is made. All concerned must make personal decisions regarding the degree of
relative risk that is acceptable to them.

Hardy's Experiment

A recent experiment conducted by Hardy (1999a) reported that six highly experienced scuba divers,
with a total of 153 years of diving experience, were able to perform a small series of "reverse" 60 to 130ft
dives without obvious symptoms of decompression illness. The provocative banner at the top of the
magazine states "Special Report: Deepest dive first? Not anymore!" The Rodale's Scuba Diving October
issue reviewed the mail and stated "No Reverse Profiles: An Obsolete Rule?" Hardy (1999b) then adds
"Our answer to the question - should you always make your deepest dive first? - is still...maybe not."
While the wording in the original article might appear to overstate the significance of the findings, it
certainly seems possible that the risks involved with "reverse dive profiles" may also have been
overstated and it may be that there is room for serious doubt. While there are a considerable number of
questions with regard to the many variables that could impact upon the data that was derived, there is
little doubt that valuable information resulted from the study. Issues such as number of subjects and
their levels of adaptation, the comfort level of the subjects, the physiological consequences of the reversed
profiles, the subjective sensitivity of the subjects to signs and symptoms of DCS, the lack of physiological
monitoring tools, and the experimental design were not really addressed. The Hardy study can best be
described as an important "pilot study" that may stimulate further research and ultimately lead to
additional knowledge with regard to our understanding of DCS. The statement, that "we, along with
thousands of other divers in the field, have done tens of thousands of such reverse-profile dives with no
harm," if true, would certainly provide credibility for the practice. However, it somehow seems unlikely
that the risk of DCS would be less in the reverse profile population than in the total diving population.

U.S. Navy Tables Example

I recall an instructional practice in the 1960's wherein instructors would calculate the reverse dive
profiles using the U.S. Navy Tables in order to demonstrate the benefit of gaining additional bottom time
when the deeper dives were followed by shallower dives in the repetitive series.

• A 100ft (33m) dive for 25min = repetitive group H, followed by a surface interval of 1 hr. =
repetitive group G. This G designation represents 44min of Residual Nitrogen Time (RNT) at 60ft
(20m), thus an allowable 16min no-decompression bottom time.

• The reverse dive profile of 60ft (20m) for 60min = repetitive group J, followed by as surface
interval of lhr = repetitive group H. This H designation represents 30min of RNT at 100ft (33m).
Thus, the diver cannot perform a no-decompression dive since the no-decompression limit (NDL)
for 100ft (33m) is 25 min.

The examples were often followed by an admonition to follow deeper dives with shallower dives. It
is not difficult to take the logical leap to "Always do your deep dive first." The standard advice to
perform the deep dive first was recommended in order to take advantage of the additional bottom time
available. No one said you "could not," they said you "should not" conduct reverse profiles in
recreational diving.
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Literature Review

A limited review of literature indicates that there may have been an interpretation made with regard
to the practice of using tables and gaining bottom time advantages for diving deep first, that led
"someone," in the 1970's, to take the position proclaiming the actual prohibition of the practice. The logic
of this position could have been very compelling for a safety conscious dive instructor with limited
information.

A substantial search of literature and conversations with knowledgeable resource persons has not
revealed any objective evidence, scientific or otherwise, that provides for definitive acceptance or
prohibition of reverse dive profiles. It appears that a careful analysis of the risk versus benefit issues is
long overdue.

The U.S. Navy Manual on Submarine Medicine Practice (1956) recommended only one dive in 12
hours, as a rule. If more than one dive was to be made within 12 hours, the diver was to "take the depth
of the latest dive and use the combined time on the bottom (descent time plus actual bottom time) for all
of the exposures." However, the next paragraph says, "to cover ALL brief interval repetitive dives, safety
demands use of the combined times and the depth of the deepest dive." There was no demonstrated
concern for conducting the deep dive first. They did point out that "decompression gauges," such as
those being developed by Munk and Groves at Scripps Institution of Oceanography, would be useful for
repetitive dives as well as multi-level dives.

The U.S. Navy Diving Manual (1959) gave the following cause of decompression sickness:
"Decompression sickness is caused by inadequate decompression following a dive, but does not
necessarily mean that the decompression table has not been followed properly. An excessive amount of
gas in the tissues can result from any condition (in the man or in the surroundings) that causes an
unexpectedly large amount of inert gas to be taken up at depth or that results in an abnormally slow
elimination of gas during the decompression procedure. In such situations, following the table to the
letter would not always assure adequate decompression. However, the decompression tables are
designed to cover all but exceptional cases of this sort, so the actual risk of decompression sickness is
small if the right table is properly employed." There is no mention of potential problems if deeper dives
follow shallower dives. The reverse dive profile using the tables reduced the bottom time of the second
dive; it was not prohibited.

Cole (1993) cites Dennis Walder, a British decompression expert, who, in a 1968 paper put forth the
idea that divers can modify their dive depth sequence to improve resistance to bubble formation. Walder
suggested that divers should make their first dive a deep, short (crush) dive, which will compress the
body's micronuclei down to a smaller and safer size. Walder further suggested that divers make
subsequent dives progressively shallower, within the limits of the first crush dive, in order to minimize
excitation of smaller micronuclei. This idea is reported as having been adopted into the SAA Buhlmann
system. Walder is widely published and well respected, but there does not appear to be data on the
subject in his works. This point of view may be the precursor to the interest in differentiating between
deep/shallow and shallow/deep profiles.

Tom Mount, then diving officer at the University of Miami, in his Instructor Course Outline (1971),
used several reverse dive profile problems for his students and in a personal communication indicated
that these were acceptable profiles, for his divers, that proceeded without problems. He further pointed
out that the cave diving community regularly follows shallower dives with deeper dives since the very
nature of cave diving often makes it a requirement. His early work on the SOS meter included reverse
dive profiles in chamber dive comparisons with tables. The results showed that the meter was somewhat
more conservative than the tables on an 80ft (26m) dive for 40min followed by a surface interval of l:39hr,
and a 120ft (40m) dive for 20min followed by a surface interval of 157hr, and a dive to 110ft (36m) for
35min. The meter required 66min and the tables 54min of decompression time. There was no discussion
of the profiles, only the decompression time.

The U.S. Navy Diving Manual (1970) provides a repetitive dive worksheet as an example, and it
contains a 105ft (35m) for 24 min dive, followed by a surface interval of 2hrs and a second dive to 145ft
(48m) for 12 min. There is no discussion of the sequencing of the dives.
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The U.S. Navy Diving Manual (1975) has no mention of deep dive first as an issue. A repetitive dive
is defined as any dive conducted in a 12-hour period. Under section 7.45., it states: "During the twelve
hour period after an air dive, the quantity of residual nitrogen in the diver's body will gradually reduce
to its normal level. If within this period, a diver is to make a second dive - called a repetitive dive - he
must consider his present residual nitrogen when planning for the dive." Neither the repetitive dive flow
chart, nor the worksheet, contains any deep dive first advice.

Ketels and McDowell (1975) state: "Plan repetitive dives so that each successive dive is to a lesser
depth. This will aid in the elimination of nitrogen and decrease the need for decompression stops." The
repetitive dive worksheet used in this text was borrowed from the U.S. Navy Diving Manual (1970) and
duplicated the reverse dive profile example. It is of interest that a number of the dive manuals in the
1970's and 1980's included the reverse dive profile example in the sections on calculating repetitive dives.

Dueker (1978), a former submarine medical officer, told us that "Generally, it saves time to take the
deeper of two dives first."

The Jeppeson Sport Diver Manual (1979) offers a section on Avoiding Decompression Stops and
suggests that making the first dive the deeper dive will aid in decompression, as each successive
shallower dive will actually be helping you decompress. No references or data were included.

A NAUI textbook (1984, rev. ed.) gave the following advice: "When making a series of dives, plan
repetitive dives to the same or shallower depth as the previous dive. This allows you to outgas nitrogen
on progressively shallower dives instead of carrying a large amount of residual nitrogen on deeper
repetitive dives." There is no reference to any supporting data, and this logic seems to assume that
residual nitrogen is independent of tissue compartment considerations.

The PADI Open Water Diving Manual (1988) lists some general rules for using their Recreational
Dive Planner. Rule #8: Plan repetitive dives so each successive dive is to a shallower depth. Never
follow a dive with a deeper dive. Always plan your deepest dive first. Further, an illustration has large
letters stating - DEEPEST DIVE FIRST.

Graver (1991) wrote: "When making a series of dives, plan repetitive dives to the same or shallower
depth as the previous dive. This allows you to outgas nitrogen on progressively shallower dives instead
of carrying a large amount of residual nitrogen on deeper repetitive dives."

The Repetitive Diving Workshop (Lang, M.A. and R.D. Vann, eds., 1991) did not specifically deal
with reverse dive profiles. The dives discussed were to the same or lesser depth, with one exception.
Gilliam (1991), in a summary of his data from 77,680 dives from a large dive boat, states: "The great
majority of diving was conducted with exposures of 100 feet or less. Reverse profiles were conducted by
many divers with no adverse effects reported. Computer divers frequently admitted to reverse profiles
in their personal diving schedule." All of the seven cases of decompression sickness that he reported
were in divers who had limited experience with less than 40 dives, and 5 of the seven were "within the
tables" and no "safety stop" was taken. While this does not represent "hard" data, it is nevertheless
provocative and would appear to indicate that reverse dive profiles were not uncommon. One might also
speculate that there is a possibility that experience and/or adaptation may play a role in DCS under some
circumstances.

Brylske (1995) while discussing "beating the bends" admonishes his readers to avoid high-risk
profiles. He writes: "While science still argues the reasons why such practices are dangerous, practical
experience shows that certain profiles are more likely than others to get you a trip to the recompression
chamber. In particular, take care not to dive reverse profiles or saw-tooth profiles. On a multilevel dive,
spend the first part of your excursion in the deeper range then move to the shallow. Never return to
deeper water once you've come up to the shallower range."

The NAUI Dive Table (1995) rules state: "When making a series of dives, always make your deepest
dive first. Plan repetitive dives to shallower depths than your previous dives. This allows you to outgas
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nitrogen on progressively shallower dives instead of carrying a large amount of residual nitrogen on
deeper repetitive dives." The message appears to well-established but still contains no data background.

The PADI Divemaster Manual (1999) has a series of Recreational Dive Planner "rules." Rule #2
states: "Plan repetitive dives so each successive dive is to the same or a shallower depth. Don't follow a
dive with a deeper dive. Plan your deepest dive first." It continues: "Although from a model point of
view there's no mathematical reason for this recommendation, reverse profiles seem to be associated
disproportionately with DCS incidents. This recommendation applies to diving with any table or
computer, even though computers will happily crunch out the numbers for such a dive profile. When
multilevel diving, this includes starting at the deepest part of the dive and progressing shallower. Small
shallow-to-deep changes within the profile wouldn't be expected to cause a problem, but you want to
avoid significant up-and-down "sawtooth" profiles."

Conclusion

The development of the current position, toward avoiding reverse dive profiles, appears to be
evolutionary in the sense that the logic of the position has grown from well-accepted roots in the diving
industry. It is of interest that the major diving medicine texts and the scientific literature do not appear to
contain data that are consistent with the current position. Indeed, there does not appear to have been any
systematic assessment of the risk of the consequences of injuries resulting from the use of an
appropriately planned and executed reverse dive profile. A good deal of the provocative logic for
avoiding the reverse dive profiles seems to have developed from anecdotal records. Anecdotal records,
when properly documented, can rise to the level of acceptable data and can be used in a justifiable
fashion to effect change in procedures. If data are developed from these records that reinforces the
changes, the changes are probably a good thing. If, on the other hand, changes are accepted because they
"make good sense" and become the "party line" without any reasonable data, then we may find ourselves
unnecessarily restricting our diving behavior.

Workshops such as this are by their nature information pools. As these pools of information are
brought together, it is like lighting candles in a dark room. The more candles, the brighter the light, and
the more definition there is to the details of the room. At the same time, the candles may well provide an
ever-enlarging room filled with new details. We should enjoy the light and pay attention to the new
details.
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I. Introductory Session Discussion.
Michael A. Lang, Moderator

B. Wienke: I want to add a note to John Lewis' comment about the formulation of the tables back in 1935
and actually in 1950, too. When they were formulated, John pointed out that they couldn't really do a
good job of looking at all multi-level staging and things like that. So back about 10 or 15 years ago,
we did a study at the laboratory at Los Alamos looking at the U.S. Navy tables - the particular ascent
and descent rates - that were requested at the time. We did a computer analysis of aU possible multi-
level dives in one-minute intervals of elapsed time. I forget, it was either 2 or 3 feet. There were
something like 32 million possible dive combinations there. And what we did was subtract all
possible dives that didn't violate the critical tensions or M-values in that envelope, and we did this at
the time on a Cray-IS super computer, which today is like a desktop computer. The calculations took
eight minutes. So, that is 32 million multi-level dives. If such power had been available in those
days, I am sure the Navy would have formulated the tables a little bit differently.

B. Hamilton: A comment on terminology. To a commercial diver, a bounce dive is one that doesn't go
into saturation. It may require 12 hours of decompression. I think we better be careful how we use
that word. Because, you said Hardy's dives were not bounce dives. And yet, a dive that, even if it
does a decompression, is still a "bounce" dive. So I guess we have to not use that word at all.

J. Lewis: I shouldn't have used the word bounce dive. What I was really referring to are dives that
involve a direct, moderately-rapid ascent to the surface. And, it seems to me that that is the
commonality of the problems.

B. Hamilton: No stop?
J. Lewis: Yes, no stop. NoD dives, but no stop. Maybe that is the right terminology. That seems to me to

be the one element of the repetitively deep dives that are problematic. At least I think that is an
important element of the problem. I think that you will find, like the Turkey dives of the Fife's,
where they are taking significant stops, despite the fact that they are repetitive and that they are very
deep, it didn't matter. But divers do less onerous things with direct ascents, no stops. Like Thalmann
did on his third 100-foot dive and the Leitch and Barnard profiles, which have very small bottom
times. They are all doing direct ascents to the surface, with no stop.

M. Lang: Actually, the first question I got about terminology was from Valerie Flook, who e-mailed me
with "what is a reverse dive profile?" Obviously, most have a different connotation of what that
actually is. This is one item we would like to think about and John's paper contained a proposed
definition. For the definition of reverse dive profiles, Charlie and I had envisioned two tilings. A
reverse dive profile, as we understand it, can mean two things. First, it can be in a repetitive series of
pressure exposures where a shallow dive is conducted, followed by a surface interval, and then a
second dive is performed, where the maximum depth is deeper than the first dive. Second, within a
single pressure exposure, where most of the bottom time is spent at a shallow depth, followed by a
deeper spike to depth prior to an ascent to the surface. The nucleus of this project actually started
about a year and a half ago as my Diving Officer staff kept producing memoranda to the attention of
our diving scientists who actually logged dives where the second one was a little bit deeper than the
first dive. Examples would be a 46ft maximum depth on the first dive and 53ft on the second dive,
and presto, you have diving e-mail in your in-box. So, in compliance with the Paperwork Reduction
Act, intelligent minds asked not to be sent unnecessary memoranda, and, by the way, why exactly
was it that they could not perform reverse dive profiles? I asked them to let me get back to them.
Here we are now searching for a satisfactory answer.

A. Brubakk: I just want to make a comment on the question of risk. I mean, you are talking about the
risk of a certain adverse effect happening, in this case decompression sickness, and you are citing a
lot of studies. Actually, if you assume mat decompression sickness is a random process and assume a
binomial distribution, if you have one DCS symptom in 100 dives (assuming the diver tells you about
that symptom) you have a 95 percent confidence interval between 0.03 and 5.5 percent. So, having
one DCS hit in 100 dives, in my opinion, doesn't tell you anything about risk.

P. Weathersby. I won't argue with the limited information in 100 dives, but it is better than if the 100
observations were not made at all.
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There is currently considerable interest in using physics-based bubble models to compute
decompression schedules. At the center of this activity is the Varying Permeability Model (VPM),
in which as few as three nucleation parameters and one decompression parameter replace
traditional M-values as the ascent limiting criteria. For deep and intermediate portions of
decompression profiles, supersaturation limits calculated by the VPM are less than those of
conventional dissolved-gas algorithms. Progress in the application of this model has been aided by
the voluntary Internet information-exchange group known as the "Decompression List."

Introduction

The Varying Permeability Model (VPM) (Yount, 1979a) fundamentally incorporates diving depth into
the formulation of ascent criteria. For square-profile dives, where the crushing pressure Pau^ is equal to
the diving depth, the minimum VPM supersaturation gradients have been experimentally determined to
be proportional to pcma,- With the definitions that a reverse dive is a deeper-than-previous dive, and a forward
dive is a shallower-than-previous dive, a clear distinction can be made that forward diving places the largest
Pauat, first in series of exposures. This applies to the time-scales of both repetitive and single dives. In the
case of non-square profiles, such as very slow descents followed by direct ascents, the determination of
Pcrush is subtle, and relates to the maximum difference attained between dissolved gas tension and the
ambient pressure of the dives. Moreover, the VPM predicts that the maximum benefit from crushing gas
nuclei is achieved by doing the deepest part of a prolonged or repetitive exposure first.

Here, a dive is considered repetitive when the surface interval between it and its predecessor is
sufficiently short that the first dive influences the second. Examples of such an influence, as compared to a
single isolated dive, are an increased incidence rate for decompression sickness (DCS), enhanced Doppler
bubble counts, and the exacerbation of various precursors of decompression sickness, such as fatigue,
malaise, or discomfort. Possible mechanisms by which one dive might influence another include excess
dissolved gas (gas loading), unresolved free gas (gas bubbles), and changes in the underlying size
distribution of bubble formation nuclei (gas nuclei). The first of these effects is accounted for in
conventional dissolved-gas algorithms, which keep track of inert-gas loads. The second and third can be
addressed in the context of the VPM, which is the focus of this work.

This paper is organized into three sections, beginning with consideration of how the field experience
of divers is being used to modify commonly available neo-Haldane tables by incorporating, deep
decompression stops into ascents. We then review the Varying Permeability Model's foundation in
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bubble formation experiments, and experimental implications for reverse diving profiles. The final
section discusses use of the VPM to formulate diving tables, and applies the model to the analysis of
forward and reverse diving profiles.

I. The Influence of Technical Diving on Decompression Practice

Over the past decade, decompression diving has entered the mainstream of upper-end sport diving.
The intrinsic risks associated with decompression are widely known, and more than a century has been
spent in trying to overcome them. Given these facts, it is surprising that so many highly-intelligent and
highly-educated people have recently put aside conventional tables designed and tested by competent
professionals, and elected to design and test their own. Recalling Abraham Lincoln's famous aphorism
about lawyers, one is tempted to ask, "Doesn't the diver who designs his own tables have a fool for a
client?"

The first reason why some technical divers prefer to design and test their own tables is that they can.
Many have computational abilities that far exceed those of decompression pioneers, who produced
operational tables in an era when the physics of bubble formation in aqueous media was poorly
understood, and commercial decompression programs, dive computers, personal computers, and
powerful software did not exist. The second reason technical divers might choose to design their own
tables is that they have easy access to unconventional algorithms, such as the Thermodynamic Model
(Hills, 1966), the Varying Permeability Model (Yount and Hoffman, 1986), and the Reduced Gradient
Bubble Model (Wienke, 1991). By "easy access," we mean that they have both the mathematical skills
needed to understand these published algorithms and the computational skills needed to implement
them, if need be, from scratch. The third reason is that many technical divers are dissatisfied with the
results of conventional algorithms. There is also widespread suspicion that something is missing, that
there is a need for "deep stops" as called for by LeMessurier and Hills (1965), by Yount and Strauss
(1976), by Hennessy and Hempleman (1977), and by others. The VPM tables calculated by Yount and
Hoffman (1986) also call for deep stops, but because those tables were calibrated using U.S. Navy (1977)
and Royal Navy Physiological Laboratory (1968) tables, which are now considered aggressive and
obsolete, the original VPM tables are also considered too aggressive.

One of the pioneers in this endeavor was marine biologist Richard Pyle, who serendipitously
discovered the benefit of deep stops while collecting ichthyological specimens (Pyle 19%).

".. .so if s abundantly clear... my empirically-derived deep-stop method has more to do with the
physiology of fish than ... Humans. ...I first noticed the apparent benefit on dives when I had to stop
deep to vent gas from fish's swim bladders. Because of that observation, I repeated those stops on
dives when I didn't collect fish...."

Pyle simply felt better after completion of dives that incorporated deep stops. So what we have here
is a new paradigm in which a technical diver modifies an existing table, tries it out on himself, and
decides to keep or reject the modification to his diving practice on the basis of how he "feels." While
more subjective than the usual method of "titrating" Navy divers five at a time, this empirical, try-it-out-
on-yourself method is actually far more sensitive because it replaces the bimodal endpoint of bends/no-
bends with a continuous scale that associates greater comfort with greater safety. It is important to note
that these divers often have personal experience with a full range of decompression sickness (DCS)
symptoms, and are therefore discerning observers. There is another reason why Pyle's method is safer:
He is moving away from the bimodal endpoint where some divers get bent, rather than toward it. In
seeking greater safety, Pyle definitely has an astute client!

Although it is difficult to quantify testimonials of this sort, they are very compelling. Given enough
of them, one feels intuitively that they must have some validity. Why is this so? Imagine that a scientist
is studying a group of athletes who are required to complete some arduous task, such as a decathlon.
The usual method of titrating divers would be equivalent to recording only the number of athletes who
competed and the number who got hurt. World record times and distances would be of no interest, nor
would the scientist doing such a "titration" care how hard the athletes trained, how tired they got, how
sore their muscles were, how much they ate, or how long they slept. A good sports writer, on the other
hand, would probably gloss over the casualty report and focus on interviews and anecdotes. In this way.
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he would reveal what it felt like to compete in the decathlon and help readers like us to experience, along
with the athletes, the thrill of victory and the agony of defeat. Indeed, the things that would interest
sports fans the most are the very things that the narrowly focused scientist would miss. With this
analogy in mind, we have solicited testimonials relevant to reverse dive profiles, deep stops, the VPM,
and gradient factors from the Decompression List. A link to the Deco list web page for the Reverse Dive
Profiles Workshop can be found on-line at: http://www.physJiawaii.edu/~dey.

II. The Varying Permeability Model

Numerous experiments demonstrate that cavitation thresholds can be significantly raised by
degassing or by briefly exposing the sample to high pressure (Harvey et al., 1944; Yount and Strauss,
1976; Gerth and Hemmingsen, 1976). These are specific tests for stable gas nuclei, yet the very existence
of such entities is surprising. Gas phases larger than 1 \tm in radius should float to the surface of a
standing liquid, while smaller ones should dissolve rapidly due to the surface tension y. Earlier proposals
for coping with this dilemma were critically reviewed by Yount et al. (1977), and the Varying
Permeability Model was introduced as an alternative to address the inconsistencies between experimental
results and existing models (Yount et al, 1977; Yount, 1979a).

Over the years, the evidence that stable microbubbles actually exist in aqueous media has become
very compelling. Medwin (1974) has inferred the presence of large and persistent populations in
sea water from acoustic measurements, and Johnson and Cooke (1974) have photographed their formation
and stabilization in this liquid. Candidates have also been observed in gelatin and distilled water using
both light and electron microscopes (Yount, Gillary, and Hoffman, 1984), and several of their physical
properties, such as their size distribution and skin thickness, were measured and found to be consistent
with VPM expectations.

1. VPM Nuclei
The Varying Permeability Model postulates that cavitation nuclei consist of spherical microbubbles

that are small enough to remain in solution and strong enough to resist collapse. The mechanical
compression strength is provided by an elastic skin or membrane composed of surface-active molecules.
Ordinarily, VPM skins are permeable to gas, but they can become effectively impermeable when
subjected to large compressions, typically exceeding 8 atm (0.8 MPa).

By tracking changes in nuclear radius caused by increases or decreases in ambient pressure, the VPM
has provided precise quantitative descriptions of several bubble-counting experiments carried out in
supersaturated gelatin (Yount and Strauss, 1976; Yount and Yeung, 1981; Yount, Yeung, and Ingle,
1979). The model has also been used to trace levels of incidence for decompression sickness in a variety
of animal species, including salmon, rats, and humans (Yount, 1979b; Yount, 1981), and to calculate
diving tables for humans (Yount and Hoffman, 1983; 1986; 1989). The rate at which individual VPM
nuclei evolve from one equilibrium state to another has been investigated theoretically, and a statistical
process by which the equilibrium size distribution of an entire population of VPM nuclei may be
generated or regenerated has been proposed (Yount, 1982). In the most recent paper in this series (Yount,
1997), the third independent derivation of VPM was obtained by applying thermodynamic methods
formulated by Kozlov and Markin (1990) to describe the strongly-curved amphiphilic interfaces found in
micelles, emulsions, giant bilayer vesicles, and biological membranes. The VPM nucleus is thus another
example of such a system.

Some additional features of the Varying Permeability Model are depicted in Fig. 1 (Yount, 1982). In
Fig. l(a), the internal gas pressure is pta, and the ambient hydraulic pressure is p ^ . If there were no skin,
the situation would be described by the well-known Laplace equation,

Pin=Pamb+^- (gasbubbles), (1)

which suggests that p^ is always larger than p ^ in the case of ordinary gas bubbles.

VPM nuclei differ from ordinary gas bubbles, because the surface-active molecules in the skin
generate a skin compression r and a skin pressure 2l7r that oppose the surface tension y and surface
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pressure 2y/r of the surrounding water. Together, they yield a new expression for mechanical
equilibrium,

Pin+— = Pamb+-L (gas nuclei).

Because T can be larger than y in a spherical environment, the net surface tension Y = y - T, and the net
surface pressure, pin - pimb = 2(y - D/ r , can assume negative as well as positive values. In this case,
mechanical equilibrium can be achieved regardless of whether pta is larger or smaller than pan4).

(2)

SURFACTANT
SKIN

LIQUID

< Pamb >

']
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Figure 1. Outline of the varying-permeability model (Yount, 1982). The spherical geometry and
the condition for mechanical equilibrium are illustrated in (a). A magnified view of the skin
and the reservoir is shown in (b), and (c) is a plot of pressure versus radius indicating at what
points the various pressures apply. The rudimentary pressure schedule in (d) consists of a rapid
compression from ps to pm, saturation of the sample at p. = pm, and a rapid decompression from
p. top,.

2. Bubble Formation Experiments
Excess surfactant molecules are stored in a reservoir, which is represented in Figs. l(b) and Fig. l(c)

as a concentric shell of negligible thickness that lies just outside the skin and thus has the same radius r.
Surfactant molecules move from the skin to the reservoir when the radius decreases, and they move from
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the reservoir to the skin when the radius increases. In this way, the "crumbling compression" yv which is
the maximum possible value of the skin compression T, is preserved.

Fig. l(d) shows a rudimentary pressure schedule used to study bubble formation in supersaturated
gelatin. The schedule consists of a rapid compression from po to the maximum pressure p^, saturation of
the sample at p , = pm , and a rapid decompression from p8 to the final pressure pf. The term "rapid"
means operationally that the process involves no change in the dissolved gas tension T. Saturation at p8 =
pm means that x assumes the value ps prior to decompression. The maximum over-pressure or crushing
pressure is then

^s^-^L (3a)
= (Pm-PoX (36)

and the maximum supersaturation is

(46)

A salient feature of bubble formation in supersaturated gelatin (Yount and Strauss, 1976) is that the
bubble counts depend only on p^^ , and pw and not on the Haldane ratio, p,/p f . Two schedules having
the same values of Pawih (300 psig) and p,, (150 psig) are shown, respectively, in Figs. 2(a) and 2(b). The
first has a Haldane ratio of 112, and the second has a Haldane ratio of 1.91, yet the average yields, around
16 bubbles per gelatin sample, were nearly the same. The schedule shown in Fig. 2(c) has the same pM
(150 psig) and Haldane ratio (11.2) as that shown in Fig. 2(a), but the average yield was 30 times higher,
around 500 bubbles per sample, because p^^ (150 psig) was only half as large.

Yount and Strauss (1976) also learned how to decompress gelatin safely. Their prescription,
illustrated in Fig. 2(d), calls for "deep stops" and a constant off-gassing gradient, x - p^* = p*,, throughout
the ascent. The theoretically optimum decompression required 12 min and yielded an average of 0.42
bubbles per sample. The corresponding U.S. Navy schedule required 17 min and yielded an average of
12.9 bubbles per sample.

Because pf is ordinarily greater than or equal to p^ pM is ordinarily less than or equal to Pauo,:

Pss^Pcrush- (5«)

To explore the region defined by

Pss>Pcrush> (#)

Yount and Yeung (1981) used slow compressions or stepped compressions, which permitted a significant
rise in the dissolved gas tension z while the ambient pressure p imb was increasing. For the pressure
schedule shown in Fig. 3, the maximum over-pressure, Pausk = (p«nb - t)mtx, occurred on the very first step,
and was simply the magnitude of the initial compression, 4.1 atm. Any other increments, whether they
preceded or followed the largest, had no effect. The maximum supersaturation was pM = 20.4 atm, which
was about five times larger than Pa^* = 4.1 atm.

Figure 4 is a graph of p,,, versus p,,,,,,!, for constant bubble number N. The "old region" is defined by
Eq. 5(a) and the "new region" by Eq. 5(b). As expected, all of the data points in the old region and many
of those in the new lie on a family of straight lines generated by the Varying Permeability Model. The
smallest initial nuclear radius ro probed in this experiment was approximately 0.01 u,m. At these small
radii, the classical VPM begins to break down because the thickness of the surfactant skin was not taken
into account. When this deficiency was corrected, reasonable fits to all of the data in the old region were
obtained (Yount and Yeung, 1981).

Figure 3 can be regarded as a reverse dive profile in the generic sense that the latter part of the
exposure is deeper than the former. The yield in the original or "reverse" direction was greater than 200
bubbles per sample. The yield in the opposite or "forward" direction, corresponding to pmik = 20.4 atm
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and pM = 6 atm, would average less than 0.1 bubble per sample, as can be inferred from Fig. 4. The lesson
to be learned from these data is that if s best to crush gas nuclei by doing the deepest part of a prolonged
exposure first.

B
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TIME
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Figure 2. The Haldane-ratio principle has been tested by exposing gelatin samples to the first
three schedules shown in this figure (Yount and Strauss, 1976). Schedules A and B have
different ratios and produce the same number of bubbles, while Schedules A and C have the
same ratios and produce different numbers of bubbles. As discussed in the text, the bubble
counts in gelatin depend only on the pressure differences pcnuh and p ^ and not on the Haldane
ratio, p,/p,. The optimum decompression procedure for gelatin is compared with the U.S. Navy
procedure in Schedule D.

3. The VPM and Reverse Profile Diving
Yount and Hoffman applied the VPM to formulate diving tables for non-repetitive dives (Yount and

Hoffman, 1986). Wienke's Reduced Gradient Bubble Model (RGBM) (Wienke, 1991) extended the VPM to
repetitive-diving situations, such as reverse-profile diving. What does the VPM have to say about
reverse-profile diving? We shall draw some conclusions directly from the VPM and certain key
experiments that, together with the following assumptions, summarize our current application of the
VPM to the etiology of decompression sickness.
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Figure 3. Stepped compression schedule used to limit the over pressure
the supersaturation pM (Yount and Yeung, 1981).

without affecting

a. A Set of Assumptions
i) The VPM is applicable to decompression sickness in humans.
ii) Gelatin bubble-counting experiments are applicable to in-vivo DCS.

Assumptions i and ii are consistent because the VPM was formulated to describe the gelatin
experiments. However, both are needed because the VPM might be applicable even if the gelatin
experiments are not, and vice versa.

iii) Abnormalities that exist at the start of a dive have greatest impact for stressful dives.
Because the second dive in a reverse-dive profile is the more stressful, any abnormalities or
irregularities produced by the first dive would have greater impact in the reverse-dive situation
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than in the forward situation. Saying this another way, if two successive dives are planned, if s
best to do the more stressful dive first while the condition of the diver is still pristine.

25

I
.£

20

5 1 5

S

I

I 10

I

AN*3
+ N«10
D N*30
ON«50
* N« 100
A N* 200
• N*500

5 10

Crushing Pressure p
CRUSH

15

in ATM

20

Figure 4. Plot of pM versus p,,.^ for various numbers of bubbles N (Yount and Yeung, 1981). All
of the points in the "old region" and many of those in the "new region" lie on a family of
straight lines generated by the Varying Permeability ModeL

iv) The number of bubbles present after a typical first dive is large.
Indeed, the number is probably much larger than the number of super-critical nuclei because the
growth of a primary bubble in tissue is limited by the local tissue deformation pressure, that
pumps most of the gas liberated at the primary site into neighboring secondary sites. Instead of
producing one large bubble, therefore, a super-critical nucleus usually produces many small
ones, a primary, and many secondaries. Gaspare Albano (1970) published a series of
photomicrographs demonstrating that one primary bubble can produce a "rosary" of secondary
bubbles. Cowley, Allegra, and Lambertsen (1979) observed the time course of secondary-bubble
production by subjecting the ears of New Zealand White rabbits to isobaric counterdiffusion at 1
atm and recording the pressure drops that occurred inside a primary bubble whenever the tissue
cleaved. A more detailed discussion of the rosary phenomenon and secondary-bubble
production can be found in the paper given by Yount (1979c) at the Workshop on Isobaric Inert
Gas Counterdiffusion.
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b. Persistent Bubbles and Reverse Dive Profiles
From the point of view of the VPM, any gross bubbles left over from the first dive would be

expected to stabilize because the surrounding blood or tissue is loaded with surfactants. Like old
soldiers, old bubbles in vivo never die, they just become large stable gas nuclei. According to the
"ordering hypothesis" (Yount et al., 1977; Yount, 1979a), if there are more large nuclei present at the
beginning of the second dive, there will be more large nuclei present at the end. If there are more
large nuclei present at the end of the second dive, more primary bubbles will form, and the volume of
released gas will be larger than expected had the second dive been performed as a single isolated
dive. While it has been demonstrated mathematically that VPM nuclei of any initial size will
eventually replicate the primordial or pristine size distribution (Yount, 1982), the surface interval
between two dives that are spaced closely enough to be deemed repetitive, whether forward or
reverse, would be too short for full restoration to occur. It should also be noted that full restoration in
the mathematical sense implies full restoration of the radial dependence with no loss of nuclei and
hence no change in the total number No.

This mechanism has important implications for reverse dive profiles. It does not arise in
conventional algorithms that only keep track of inert-gas loads. Though important and unique, the
mechanism is difficult to quantify because the number and size-distribution of any microbubbles that
may be present at the beginning of the second dive are unknown. Nor is it certain that the VPM is
immediately applicable to stable microbubbles with radii as large as, say, 10 to 100 urn: Although
such populations are known to exist in nature and have actually been observed in sea water
(Medwin, 1974), the surface pressure 2y/r is less than the tissue-deformation pressure in this size
range (Cowley, Allegra and Lambertsen, 1979), and both would have to be taken into account. Even
if the VPM is applicable in some modified way, the parameter values for stable microbubbles recently
formed from gross bubbles could differ from those needed to describe primordial nuclei that have
"aged" for days or weeks.

A second mechanism through which the existence of microbubble nuclei can influence an
ensuing exposure in a reverse-dive sequence is by changing the underlying size distribution N(r).
This effect can go either way. If a deep first dive "crushes" gas nuclei, rendering them smaller, the
second dive will be safer than usual, assuming that appropriate allowance has been made for any
excess dissolved gas that remains in the various tissues or compartments. If, on the other hand, the
quantity of residual dissolved gas is large, it can reduce the effective crushing pressure for the second
dive. Less crushing implies that there will be more large nuclei, more primary bubbles, more
secondary bubbles, and more free gas than would have been present had the second dive been
performed as a single, isolated excursion.

III. The VPM in Practice

The confluence of a number of technologies, including the advent of the Internet, and widespread
sport decompression and mixed-gas diving, have lead to world-wide interest in decompression schedules
that emphasize small supersaturations. This section discusses the use of the VPM to calculate diving
tables and applies the methods to the analysis of an example set of reverse diving profiles.

1. VPM-based Decompression
A derivation of the VPM equations, based on consideration of compression of an elastic shell, leads to

the relationship between differential changes in nuclear radius 3r, external pressure 3pamb, and internal
pressure dpta

-r)^-dpin-dpamb, (6)

where r of Eq. (2) has been replaced with the crumbling compression "yc (Yount 1979a). Extending
previous applications of Eq. (6), which set dp^ = 0 in the permeable regime, we explicitly consider the
effects of compression and decompression rate by setting the internal pressure pta equal to the dissolved
gas tension x.

Section 4.a. applies a numerical method to compute solutions to Eq. (6) for dives with non-
instantaneous descent and ascent rates. An analytical solution of Eq. (6) results from integration over
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compression and decompression cycles, and use of the Laplace equation as an ascent-limiting criterion.
The resulting minimum allowed supersaturation gradients for a set of ; parallel compartments are
expressed as

P = y ) + _ y _ A . . ( 7 )
1 v r v J

Here, our notation generalizes the notation used by Yount (1979a) by calculating the minimum gradients
for a set of compartments with time-dependent tensions Xj, and a set of initial nuclear radii distributed
across compartments as rq. For an instantaneous descent and ascent, Aj -> ( pm - p0), r0,—» r0 , and Eq. (7)

reduces to the Yount (1979a) form, with a single Z^1"1 for all compartments. In the case of a gradual
descent, Aj is a set of effective crushing pressures Poushj that follow from application of Eq. (3a) to a set of
compartments with time-dependent dissolved gas tensions Xj. As discussed earlier, these pressures are
less than the full crush attained for an instantaneous descent, with the fastest half-time compartments
affected the most. Use of the method of Schreiner and Kelley (1971) to compute compartment tensions Xj
during a descent at a crushing rate p o over a crushing time tc yields

with ln(2)/]fcj corresponding to the / th compartment's half-time. In the limit of a fast descent, tc-+0, the
crushing pressure is p c tc = (p m - Po)/ and Eq. (8) reduces to the Yount (1979a) form.

The Yount and Hoffman (1986) method for calculating VPM-based diving tables follows from the
dynamic critical volume hypothesis, which restricts the volume of free gas evolved in each compartment;
by the condition

n
(9)

The excess bubble population is (Nacta^ - N,^), a is a proportionality constant, and Vane* is the critical
volume, as discussed by Yount and Hoffman (1986). For diving profiles with direct ascents and descents
in the permeable regime, Eq. (9) can be solved analytically. With an assumed linear ascent rate, the
allowed super-saturations for the ; compartments are

With I, _ Pim . y ^ (TJ Pm)*D
1 * J

r ^(rfpm)D
Jr2c tD+k? 2(tD+k?) • (1Oc)

The total ascent time tD is always greater than zero for the linear ascent rate. X is proportional to the
critical volume, and Xjdive denotes the set of compartment tensions at the end of the dive.

The last terms in the expressions for fy and C; add to the original expressions for b and c derived by
Yount and Hoffman (1986), and reduce to the original forms for saturated, non-metabolizing systems
with Xjdive*^ x = pm. These new terms can have magnitudes that are comparable to the others, and increase
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the gradients allowed during ascents from the Yount and Hoffman values for equivalent ascent times and
pressurization-depressurization schedules. The Yount and Hoffman (1986) VPM decompression
algorithm uses an iterative method to solve the set of Eqs. (7) and (10), starting with calculation of the

minimum allowed supersaturation gradients P^f, and then successively updating the calculation until tD

converges. This results in the relaxation of the stringent P™ gradients into the set of new, more liberal

gradients P™.

2. Open Source-Code VPM-Based Decompression Program
The Yount and Hoffman (1986) VPM algorithm was implemented in a series of open source-code

BASIC language computer programs, which have been freely available to programmers since the tek95
diving technology conference (Maiken, 1995). These programs expand on the original algorithm by
modeling generalized nitrox decompression dives with multiple stages, gas switches, and constant ppO2
rebreather diving. As of October, 1999, the programs have been distributed to approximately 150 diving
programmers worldwide, and the VPM methods have been integrated into a number of publicly
available programs.

3. Hydrostatic Pressure, Dissolved Gas, and the VPM Gradients
A diver's exposure to hydrostatic pressure affects ascent criteria through the dependence of Eqs. (7)

and (10) on the crushing pressure, and inert gas tensions x/11™. As an example of the roles of hydrostatic
pressure in setting VPM supersaturation gradients, consider nitrox diving. Conventional nitrox use
emphasizes the reduced inert-gas loading of nitrox compared to air for identical profiles. Nitrox
decompression calculations are often based on the equivalent air depth (EAD), where the EAD is less
than the dive depth. The VPM considers the compartment tensions resulting from a nitrox profile and an
air dive to the EAD to be virtually identical. However, for a given nuclear distribution, the VPM
gradients are determined by Pc™ .̂ Except for the fastest compartments, this results in a set of larger,
more liberal gradients compared to a set calculated for the EAD. Although the dissolved gas EAD
concept yields conservative ascent gradients, it does not completely determine ascent criteria in the VPM.

For repetitive nitrox diving, the actual dive depths should be used as criteria to determine whether a
set of profiles is forward or reverse. For example, if two dives are made to a depth of 100 feet, separated
by a surface interval on air, with one on 36% nitrox and the other on air, the nitrox dive would
conventionally be treated as an air dive to the equivalent air depth (EAD) of 75 feet for application of
diving tables. Nonetheless, these would not be considered reverse profiles in the VPM.

Yount and Yeung (1981) demonstrated that a slow descent inhibits the crushing of nuclei, and thus
leads to enhanced bubble growth compared to rapid compressions. For a linear descent, this effect is

quantified by Eqs. (7) and (8), which predict that the allowable minimum supersaturations î ™° of fast

half-time compartments are reduced compared to the slower half-times. Although this effect inverts the
conventional ordering of M-values by compartments, it is physically reasonable. This is because
exposure of nuclei in fast compartments to large dissolved gas tensions during descent results in
diffusive growth, and larger equilibrium radii compared to nuclei in slow compartments. Nonetheless,
for typical sport diving profiles, Eqs. (10) invert the minimum gradients calculated by Eq. (7), and

the P™ are ordered with the supersaturations of the slow compartments less than those of the fast

compartments. For non-standard, though perhaps operationally common profiles, the P^f may control
the ascent. One example is a saw-tooth exposure with a very gradual descent to a final, maximum depth,
followed by a direct ascent. In this case, the VPM distinctly recommends reduction in the allowed
supersaturation gradients compared to a dive made with a punctual descent to the same maximum
depth.

4. Reverse Diving Profile Workshop Series of Exposures
The organizers of the Reverse Dive Profiles Workshop asked participants to specifically consider the

series of forward and reverse diving profiles summarized in Table I. Recognizing that these profiles fall
within the context of sport diving, and for purposes of our graphical analysis, we use the contemporary
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set of Buhlmann ZH-86 air diving tables as a baseline reference in Table n. The profiles generated by
Buhlmann's tables are similar to those produced by the range of dive computers in current use by sport
divers.

Table 1. Reverse and Forward Dives

Reverse Dive Series (A)
Series

1A

2A

3A

First Dive Profile

40 fsw to NDL

40fswtoNDL

40 fsw to NDL

Surface Interval

30min

60min

120 min

Repetitive Dive Profile

100 fsw

100 fsw

100 fsw

Forward Dive Series (B)
Series

IB

2B

3B

First Dive Profile

100 fsw to NDL

100 fsw to NDL

100 fsw to NDL

Surface Interval

30 min

60 min

120 min

Repetitive Dive Profile

40 fsw

40 fsw

40 fsw
(NDL: no-decompression limit)

Table II. Profiles Based on Buhlmann ZH-86 Air Decompression Tables

Reverse Dive Series (A)

Series
1A

2A
3A

First Dive
40 fsw

40 fsw
40 fsw

NDL

125 min

125 min
125 min

RG
G

G
G

SI

30 min

60 min
120 min

RG
F

D
B

RNT

30 min

19 min
11 min

Repetitive Dive

100 fsw.1

100 fsw.2

100 fsw.3

'Because NDL = 17 min and RNT = 30 min, it is already a decompression dive. Modeled as a "spike" dive to 100
fsw, followed by immediate ascent. Deco stops at 20 fsw for 2 min and 10 fsw for 7 min.
2Because NDL = 17 min and RNT = 19 min, it is already a decompression dive. Modeled as a "spike" dive to 100
fsw, followed by immediate ascent. Deco stop at 10 fsw for 5 min.
3Because NDL = 17 min and RNT = 11 min, the NDL is reduced to 6 min.

Forward Dive Series (B)

Series
IB
2B

3B

First Dive
100 fsw
100 fsw

100 fsw

NDL

17 min
17 min

17 min

RG
D
D

D

SI

30 min
60 min

120 min

RG
A
A

A

RNT

19 min
19 min

19 min

Repetitive Dive
40 fsw.4

40 fsw.5

40 fsw.6

*•"* Because NDL = 125 min and RNT = 19 min, the NDL is reduced to 106 min.

Abbreviations and Notes
NDL = No-decompressio
SI = Surface Interval (mil
fsw = feet of seawater (a
Ascent rate is 30 fsw per
A one-minute safety stop

n limit (minutes), RG = Repetitive Group,
lutes), RNT = Residual Nitrogen Time (minutes),
unit of pressure),
minute,
is required by the table for all no-decompression dives.
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a. Numerical Calculation of a Dynamic Minimum Supersaturation
We have implemented a numerical solution to Eq. (6), which tracks the radii and minimum allowable

gradients P^f for each compartment during decompression from dives in the permeable regime. The
nitrogen partial pressures Tj were computed by the method of Schreiner and Kelley (1971), using their
alveolar ventilation equation. The alveolar partial pressure of inert gas was based on the nitrogen
fraction fm of the breathing mixture, standard values for PA CO2 and PA H2O, and a respiratory quotient of
0.9. The set of 16 nitrogen compartments of the Buhlmann ZH-L16 Calculation Model (Biihlmann, 1995)
were used to parameterize the spectrum of tissue half-times in the human body, with half-times ranging
from 5 to 635 min.

Under this framework, the internal pressure pta of gas nuclei is equal to the dissolved inert gas
tension Xj of the surrounding compartment. The analysis program tracks an array of radii across the 16
compartments. At the beginning of the first dive, the radius in each compartment is assigned a specific
value, r0. As the dive progresses, the program updates the radius for each compartment based on the
instantaneous crushing or supersaturation pressures.

b. Graphical Analysis of Reverse Diving Profiles
We utilize pressure graphs to plot gas loadings, M-values, and VPM gradient lines against ambient

pressure. The pressure graph is a useful tool for visualizing the salient characteristics of ascent or
decompression profiles. An explanation and further examples of this method are given by Baker (1998a;
1998b). The Buhlmann ZH-L16B set of linear M-values for nitrogen are included to delineate the ascent
limiting criteria of conventional dissolved-gas decompression algorithms.

In Figs. 5, 7, 9,11,13,15,17, and 19, the inert-gas loadings by compartment are compared with the
respective Buhlmann ZH-L16B M-values. In Figs. 6,8,10,12,14,16,18, and 20, the inert-gas loadings by
compartment are compared with the VPM isopleths of constant bubble number. These lines of fixed
gradient are shown upon surfacing and are labeled with the initial radius r0 assigned at the start of the
dive series. A range of initial radii from 0.2 /on to 13 xun was selected on the basis of experimental values
(Yount, Yeung, and Ingle, 1979) and (Yount, Gillary, and Hoffman, 1984).

The pressure graphs with the VPM criterion for bubble formation display two distinct lines for each
of the twelve initial radii considered as can be seen in Fig. 20. These lines correspond to the envelope of
Eq. (8) for the range of half-times modeled. The solid line labeled "Cpt 16" shows the gradient for bubble
formation upon surfacing for Compartment 16, which has the slowest half-time for gas loading. Because
of the very slow uptake of inert gas in this compartment, the effective crushing pressure during

compressions will be very near the maximum possible (pm- p0), and the P^f are identical to the Yount
(1979a) values. The dashed line labeled "Cpt lb" shows the surfacing gradient for Compartment lb,
which has the fastest half-time for gas loading. Because of the fast uptake of inert gas in this
compartment, the effective crushing pressure during compressions is reduced. As a result, the decrease
in radius of gas nuclei will be less and the corresponding gradient for bubble formation will be smaller.
The fixed gradient lines for bubble formation in Compartments 2 through 15 (not shown) fall between the
lines indicated for Compartments lb and 16 on the pressure graphs.

In Fig. 5 the inert-gas loadings for a single 40 fsw dive do not exceed the respective M-values.
Accordingly, this dive would be considered safe with regard to the conventional dissolved-gas algorithm.
In Fig. 6 the same gas loadings are compared with the VPM criterion for bubble formation, where it can
be seen that the fastest compartments probe an initial radius r0 of 0.6 /zm. Based on the 0.8 ftm value of
Yount and Hoffman (1986), we would expect a substantial number of bubbles to form upon surfacing
from this dive. This distinction is not revealed by the conventional dissolved-gas algorithm.

In Fig. 13 the inert-gas loadings for a single 100 fsw dive do not exceed the respective M-values.
Accordingly, this dive would also be considered safe with regard to the conventional dissolved-gas
algorithm. In Fig. 14 the same gas loadings are compared with the VPM criterion for bubble formation,
where it can be seen that the fastest compartments probe an initial radius r0 of 03 /zm. Based on the 0.8
ftm value of Yount and Hoffman (1986), we would expect that the 100 fsw dive would produce far more
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bubbles upon surfacing than the 40 few dive. Again, this is a distinction not revealed by the conventional
dissolved-gas algorithm.

The conventional algorithm fails to identify bubble formation and also fails to distinguish between
the 40 few dive and the 100 few dive on the basis of their severity. The VPM, on the other hand, predicts
that both dives will produce bubbles and that the 100 few dive would be more stressful than the 40 few
dive. Given our assumption that any abnormalities existing at the start of a dive will have greatest
impact for stressful dives, there is a clear indication that it would be best in this case to perform the 100
few dive first.

IV. Discussion

The Varying Permeability Model makes distinct recommendations for diving profiles. First, the
crushing pressure Pcush should be maximized to the degree possible for any sequence of dives. This
applies to single dives as well as to repetitive exposures. For punctual descents, pen,,* is essentially equal
to the change in hydrostatic pressure between the surface and the diving depth. For slow descents, Eq.
(8) predicts a reduction in the allowable supersaturation gradients. Second, supersaturation gradients
during dives should not exceed limiting values for bubble formation and/or volume of released gas.
Following a conventional dissolved-gas algorithm, it is possible that a reverse dive profile, such as a 40
few dive followed by a 100 few dive, can result in reduced values for effective Pen,,* as well as bubble-
forming supersaturation gradients. Under this scenario, the total number of bubbles and the total volume
of released gas can be substantial

There is nothing inherently dangerous about a reverse dive profile providing that the decompression
algorithm adequately takes into account excess dissolved gas (gas loading), unresolved free gas (gas
bubbles), and changes in the underlying size distribution of bubble formation nuclei (gas nuclei). Only
the first of these effects is accounted for in conventional dissolved gas algorithms. All three can be
addressed within the context of the Varying Permeability Model.
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Glossary of Terms

Decompression list The latest step in "open-sourdng" decompression software is an electronic mailing
list set up by Rob Murray in December 1998. In less than one year, the "Decompression List" has
attracted more than 100 subscribers from all over the world, including prominent attendees at this
workshop and all three authors of this paper. In a very real sense, the entire list is participating in the
workshop because we have been discussing reverse dive profiles and related topics electronically for
more than two months, and we expect to continue the dialogue after the workshop ends.

Deep stops. Technical divers commonly add deep stops to conventional ascent schedules. We shall
define a deep stop as any decompression stop that is deeper than the first stop computed using a
conventional dissolved-gas algorithm.

Open source-code. A non-compiled text listing of the commands used to write a computer program.
The open source-code VPM program allows programmers to see the inner workings of the BASIC
language computer program that implements the VPM-based decompression model. This program
was the first open source-code decompression program available on the Internet.

Sport diving (a.k.a. recreational diving - Ed. note) by definition, involves the use of only one nitrogen-
oxygen breathing gas throughout the entire dive (air or nitrox up to a maximum of 40% oxygen
fraction), and is performed within the no-decompression limits of the table or dive computer being
used. It is generally understood by the sport diver that a direct ascent to the surface can be made at
any time during the dive, notwithstanding the recommended practice of safety stops. Such ascents
typically create large and rapid gradients between the dissolved gas tension in the diver's body and
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the ambient pressure in the surrounding medium. Because high-oxygen mixtures are not available to
accelerate off-gassing and reduce gradients, problems associated with gas loading become more
severe as the depth and/or duration of the dive increase.

Technical diving. A major instigator of this on-going revolution in sport-diving practice was the now
defunct magazine AquaCorps, which, from 1991 through 1995, published articles that addressed such
technical topics as decompression theory, deep diving, and mixed-gas breathing—topics that far
exceeded the interests and comprehension of most sport divers. Hamilton used the term technical
diver in the very first issue of AquaCorps: More recently, noting that the term was originally used by
the British Royal Navy for rebreather diving, he has redefined technical diving as diving with more
than one breathing gas or with a rebreather (Hamilton 1999). Pyle defines a technical diver (Pyle
1999b) as anyone who routinely conducts dives with staged stops during an ascent as suggested by a
given decompression algorithm. (Ed. Note: The term technical diving was initially used in the
United States in 1977 by CACSTD, the California Advisory Committee on Scientific and Technical
Diving, to distinguish technical diving from scientific diving for regulatory purposes by OSHA).
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Pressure Graph:
Ascent Profile For First Dive Of Reverse Dive Series 1 A, 2A, and 3A

Inert Gas Loadings Versus Conventional M-values

Buhlmann ZH-L16B M-values for Nitrogen by Compartment Number
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1. Air dive to 40 fsw for 125 minutes bottom time according to
no-decompression limit of Buhlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. A one minute safety stop is required for all no-deco dives
according to the Buhlmann ZH-86 Air Diving Tables.

1. M-values for fast compartments permit large overpressure
gradients and thus allow profuse bubble formation.

2. Upon surfacing from this dive, Compartments 6 and 7
are leading (gas loadings closest to M-values).

3. The one minute safety stop at 10 fsw has only a mild
effect in terms of dropping gas loadings.

Figure 5.
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Pressure Graph:
Ascent Profile For First Dive Of Reverse Dive Series 1A, 2A, and 3A

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
Shown Upon Surfacing: Lines of Fixed Gradient = Isopleths of Constant Bubble Number

Calculated Based on Minimum Initial Radius (microns) of Gas Nuclei at Start of Dive Series
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j 1. Air dive to 40 fsw for 125 minutes bottom time according to
no-decompression limit of Buhlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.

1. Bubbles are formed in Compartments 1b thru 7 upon
surfacing from this dive.

2. Overpressure (supersaturation) gradients will exist for
up to 60 minutes after this dive to drive bubble growth.

3. A surface interval of less than 60 minutes after this first dive
could carry free-phase gas over into a repetitive dive
as bubbles or gas nuclei with larger initial radius.

Figure 6.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Reverse Dive Series 1A

Inert Gas Loadings Versus Conventional M-values
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Observations:

1. After surface interval of 30 minutes, repetitive air dive to
100 fsw followed by immediate ascent (spike dive).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
the bottom time is only momentary.

4. Due to residual nitrogen loading, deco stops are required at
20 and 10 fsw per Buhlmann ZH-86 Air Diving Tables.

1. Gas loadings are well clear of M-values throughout ascent.
No significant on-gassing during this dive.

2. Upon surfacing from this dive, Compartments 8 and 9
are leading (gas loadings closest to M-values).

3. It does not appear that there should be any problems
following this dive unless free-phase gas (bubbles or large
nuclei) carried over to this dive from the first dive.

Figure 7.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Reverse Dive Series 1A

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
Shown Upon Surfacing: Lines of Fixed Gradient = Isopleths of Constant Bubble Number

Calculated Based on Minimum Initial Radius (microns) of Gas Nuclei at Start of Dive Series
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Notes: Observations:

1. After surface interval of 30 minutes, repetitive air dive to
100 fsw followed by immediate ascent (spike dive).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
the bottom time is only momentary.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.

1. No bubbles are formed as a result of the repetitive dive.

2. It does not appear that there should be any problems
following this dive unless free-phase gas (bubbles or large
nuclei) carried over to this dive from the first dive.

Figure 8.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Reverse Dive Series 2A

Inert Gas Loadings Versus Conventional M-values
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Observations:

1. After surface interval of 60 minutes, repetitive air dive to
100 fsw followed by immediate ascent (spike dive).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
the bottom time is only momentary.

4. Due to residual nitrogen loading, a deco stop is required at
10 fsw per Buhlmann ZH-86 Air Diving Tables.

1. Gas loadings are well clear of M-values throughout ascent.
Noticeable on-gassing in Compartment 1b during this dive.

2. Upon surfacing from this dive, Compartments 9 and 10
are leading (gas loadings closest to M-values).

3. It does not appear that there should be any problems
following this dive unless free-phase gas (bubbles or large
nuclei) carried over to this dive from the first dive.

Figure 9.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Reverse Dive Series 2A

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
Shown Upon Surfacing: Lines of Fixed Gradient = Isopleths of Constant Bubble Number

Calculated Based on Minimum Initial Radius (microns) of Gas Nuclei at Start of Dive Series
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Notes: Observations:

1. After surface interval of 60 minutes, repetitive air dive to
100 fsw followed by immediate ascent (spike dive).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
the bottom time is only momentary.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.

1. No bubbles are formed as a result of the repetitive dive.

2. It does not appear that there should be any problems
following this dive unless free-phase gas (bubbles or large
nuclei) carried over to this dive from the first dive.

. Figure 10.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Reverse Dive Series 3A

Inert Gas Loadings Versus Conventional M-values
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Observations:

1. After surface interval of 120 minutes, repetitive air dive to
100 fsw for 6 minutes bottom time according to no-deco
limit of Buhlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. A one minute safety stop is required by the table.

1. M-values for fast compartments permit large overpressure
gradients and thus allow profuse bubble formation.

2. Upon surfacing from this dive, Compartments 10 and 11
are leading (gas loadings closest to M-values).

3. The one minute safety stop at 10 fsw has only a mild
effect in terms of dropping gas loadings.

Figure 11.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Reverse Dive Series 3A

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
Shown Upon Surfacing: Lines of Fixed Gradient = Isopleths of Constant Bubble Number

Calculated Based on Minimum Initial Radius (microns) of Gas Nuclei at Start of Dive Series
0.6 0.80.91.01.11.21.3

02 0.3 0.4 0.5 |0.7| y ^ = £ — ) |
loo

Depth Pressure, fsw gauge

40 50 60 70 80

Notes:

13 23 33 43 53 63 73 83 93 103 113 123 133

Ambient Pressure, fsw absolute

Observations:

| 1. After surface interval of 120 minutes, repetitive air dive to
| 100 fsw for 6 minutes bottom time (no-deco limit).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.

1. Bubbles are formed in Compartments 1 and 2 upon
surfacing from this dive.

2. Overpressure (supersaturation) gradients will exist for
more than 10 minutes after this dive to drive bubble growth.

Figure 12.
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Pressure Graph:
Ascent Profile For First Dive Of Forward Dive Series 1B, 2B, and 3B

Inert Gas Loadings Versus Conventional M-values
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Observations:

1. Air dive to 100 fsw for 17 minutes bottom time according to
no-decompression limit of Biihlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. A one minute safety stop is required for all no-deco dives
according to the Buhlmann ZH-86 Air Diving Tables.

1. M-values for fast compartments permit large overpressure
gradients and thus allow profuse bubble formation.

2. Upon surfacing from this dive, Compartments 2 and 3
are leading (gas loadings closest to M-values).

3. The one minute safety stop at 10 fsw has a moderate
effect in terms of dropping gas loadings.

Figure 13.
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Pressure Graph:
Ascent Profile For First Dive Of Forward Dive Series 1B, 2B, and 3B

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
Shown Upon Surfacing: Lines of Fixed Gradient = Isopleths of Constant Bubble Number

Calculated Based on Minimum Initial Radius (microns) of Gas Nuclei at Start of Dive Series
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1. Air dive to 100 fsw for 17 minutes bottom time according to
no-decompression limit of Biihlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.

1. Bubbles are formed in Compartments 1 b thru 5 upon
surfacing from this dive.

2. Overpressure (supersaturation) gradients will exist for
more than 30 minutes after this dive to drive bubble growth.

3. A surface interval of less than 30 minutes after this first dive
could carry free-phase gas over into a repetitive dive
as bubbles or gas nuclei with larger initial radius.

Figure 14.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Forward Dive Series 1B

Inert Gas Loadings Versus Conventional M-values
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1. After surface interval of 30 minutes, repetitive air dive to
40 fsw for 106 minutes bottom time according to no-deco
limit of Buhlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. A one minute safety stop is required by the table.

1. M-values for fast compartments permit large overpressure
gradients and thus allow profuse bubble formation.

2. Upon surfacing from this dive, Compartments 6 and 7
are leading (gas loadings closest to M-values).

3. The one minute safety stop at 10 fsw has only a mild
effect in terms of dropping gas loadings.

Figure 15.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Forward Dive Series 1B

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
Shown Upon Surfacing: Lines of Fixed Gradient = Isopleths of Constant Bubble Number

Calculated Based on Minimum Initial Radius (microns) of Gas Nuclei at Start of Dive Series
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1. After surface interval of 30 minutes, repetitive air dive to
40 fsw for 106 minutes bottom time (no-deco limit).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.
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1. Bubbles are formed in Compartments 1b thru 6 upon
surfacing from this dive.

2. Overpressure (supersaturation) gradients will exist for
over 30 minutes after this dive to drive bubble growth.

3. There is a difference of 4.0 fsw in allowable gradients
between Compartments 1b and 16.

Figure 16.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Forward Dive Series 2B

Inert Gas Loadings Versus Conventional M-values
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1. After surface interval of 60 minutes, repetitive air dive to
40 fsw for 106 minutes bottom time according to no-deco
limit of Buhlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. A one minute safety stop is required by the table.

1. M-values for fast compartments permit large overpressure
gradients and thus allow profuse bubble formation.

2. Upon surfacing from this dive, Compartments 6 and 7
are leading (gas loadings closest to M-values).

3. The one minute safety stop at 10 fsw has only a mild
effect in terms of dropping gas loadings.

Figure 17.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Forward Dive Series 2B

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
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1. After surface interval of 60 minutes, repetitive air dive to
40 fsw for 106 minutes bottom time (no-deco limit).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.
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1. Bubbles are formed in Compartments 1 b thru 7 upon
surfacing from this dive.

2. Overpressure (supersaturation) gradients will exist for
over 30 minutes after this dive to drive bubble growth.

3. There is a difference of 4.0 fsw in allowable gradients
between Compartments 1b and 16.

Figure 18.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Forward Dive Series 3B

Inert Gas Loadings Versus Conventional M-values
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1. After surface interval of 120 minutes, repetitive air dive to
40 fsw for 106 minutes bottom time according to no-deco
limit of Biihlmann ZH-86 Air Diving Tables.

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. A one minute safety stop is required by the table.

1. M-values for fast compartments permit large overpressure
gradients and thus allow profuse bubble formation.

2. Upon surfacing from this dive, Compartments 6 and 7
are leading (gas loadings closest to M-values).

3. The one minute safety stop at 10 fsw has only a mild
effect in terms of dropping gas loadings.

Figure 19.
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Pressure Graph:
Ascent Profile For Repetitive Dive Of Forward Dive Series 3B

Inert Gas Loadings Versus VPM Criterion for Bubble Formation
Shown Upon Surfacing: Lines of Fixed Gradient = Isopleths of Constant Bubble Number

Calculated Based on Minimum Initial Radius (microns) of Gas Nuclei at Start of Dive Series
0.8 1.0 1.1 1.2 1.3

0.2 0.3 0.4 0.5 0.6 0.7 j 0.9|

Depth Pressure, fsw gauge

13 23 33 43 53

Ambient Pressure, fsw absolute

Observations:

63 73

1. After surface interval of 120 minutes, repetitive air dive to
40 fsw for 106 minutes bottom time (no-deco limit).

2. Inert gas is nitrogen. Gas loadings are shown leaving the
bottom at the end of the bottom time.

3. Ascent rate is 30 fsw/min. Descent rate is 75 fsw/min and
descent is included in the bottom time.

4. VPM criterion is computed with varying differential crushing
and supersaturation pressures across the 16 compartments.

1. Bubbles are formed in Compartments 1b thru 7 upon
surfacing from this dive.

2. Overpressure (supersaturation) gradients will exist for
over 30 minutes after this dive to drive bubble growth.

3. There is a difference of 4.0 fsw in allowable gradients
between Compartments 1b and 16.

Figure 20.
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COMPUTATIONAL REVERSE DIVE PROFILES: CONTRASTS AND COMPARISONS

Bruce R. Wienke
Los Alamos National Laboratory
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Timothy R. Oleary
NAUI Technical Diving Operations
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Though the manifestations of Decompression Illness (DCI) are statistically distributed, tables and
meters employ deterministic models to stage reverse dive profiles, with models broadly categorized
as Haldane (dissolved phase) or bubble (combinations of dissolved and free phases). A summary
of models and their underpinnings, correlations with data, and predictions for the 100/60 and
60/100 reverse dive profiles applying variable surface intervals are given. Suggestions for
experiments are tendered, and in related vein, extreme statistics on reverse dive profiles gathered
at Nuclear Emergency Strategy Team (NEST) exercises on various gas mixtures are sketched.

Introduction

We first discuss DCI risk and coupled statistics, return to broad base description of gas transfer
models used in decompression applications, apply these models to the reverse dive profiles, contrast
staging regimens, denote differences, suggest testing, and then summarize experience with NEST reverse
dive profiles on mixed gases.

Decompression algorithms

Diving models address the coupled issues of gas uptake and elimination, bubbles, and pressure
changes in different computational frameworks. Application of a computational model to staging divers
is called a diving algorithm. Consider the computational models and staging regimens for six popular
algorithms, namely, the perfusion limited, diffusion limited, thermodynamic, varying permeablity,
reduced gradient bubble, and tissue bubble diffusion algorithms. The first two are Haldane models
(workhorse algorithms in most tables and computers), while the remaining four are bubble models in the
generic sense (coming online in tables and computers, often driven by technical diving). The first two
track just dissolved gas transfer, using critical tissue tensions as limit points, while the latter four treat
both dissolved and free phase transfer, using free phase volumes as limit points.

Though the systematics of gas exchange, nucleation, bubble growth or collapse, and decompression
are so complicated that theories only reflect pieces of the DCI puzzle, the risk and statistics of
decompressing divers are fairly straightforward. The folding of DCI risk and statistics over data and
model assumptions is perhaps the most satisfying means to safety and model closure. Some Workshop
papers and presentations center on probabilistic decompression, risk, and parameter fitting, using
variants of the models discussed.

Decompression Risk and Statistics

Computational algorithms, tables, and manned testing are requisite across a spectrum of activities.
The potential of electronic devices to process tables of information or detailed equations underwater is
near maturity, with virtually any algorithm or model amenable to digital implementation. Pressures for
even more sophisticated algorithms are expected to grow.
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Still, computational models enjoy varying degrees of success or failure. More complex models
address a greater number of issues, but are harder to codify in decompression tables. Simpler models are
easier to codify, but are less comprehensive. Some models are based on first principles, but many are not.
Application of models can be subjective in the absence of definitive data, the acquisition of which is
tedious, sometimes controversial, and often ambiguous. If deterministic models are abandoned,
statistical analysis can address the variability of outcome inherent to random occurrences, but only in
manner indifferent to specification of controlling mechanisms. The so-called dose-response
characteristics of statistical analysis are very attractive in the formulation of risk tables. Applied to
decompression sickness incidence, tables of comparative risk offer a means of weighing contributing
factors and exposure alternatives. At the basis of statistical and probabilistic analyses of decompression
sickness is the binomial distribution. The binomial distribution is the fundamental frequency distribution
governing random events:

1. Binomial Distribution
Decompression sickness is a hit, or no hit, situation. Statistics are binary, as in coin tossing.
Probabilities of occurrence are determined from the binomial distribution, which measures the
numbers of possibilities of occurrence and nonoccurrence in any number of events, given the
incidence rate. Specifically, the probability, P, in a random sample of size, N, for n occurrences of
decompression sickness and m non-occurrences, takes the form,

with,

n + m = N , (2)

p the underlying incidence rate (average number of cases of decompression sickness), and q,

q=l-p , (3)

the underlying nonincidence. The discrete probability distributions, P, are the individual terms of the binomial
expansion of (p + q)N,

(p + qf=lp(n) = l • (4)
n=0

In risk analysis, p and q are also the failure and success rates, gleaned, for instance, from random or strategic
sampling of arbitrary lot sizes. Obviously, the larger the sample size, the better are the estimates of p or q. Once
p or q is determined, the binomial statistics and probabilities are also fixed. The statistical mean, M, and variance,
s, are given by,

M=JjnP(n)=pN , (5)

N

s=Jj{n-M)2P{n) = pqN , (6)
n = l

the usual measures of a statistical distribution. The square root of the variance is the standard deviation. The
cumulative probability for more than n cases of decompression sickness, P>(n), is written,

P>(n)= I P(j) = l-iPU) , (7)
j=n+l 7=0
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and the probability of less than n cases, P<{n), is similarly,

7=0 j=n

The probability of nonoccurrence in any set of N trials is simply,

qN , (9)

while the probability of total occurrence in the same number, N, of trials is given by,

pN . (10)

The binomial distribution is a special case of the multinomial distribution describing processes in which several
results having fixed probabilities, pi, qi, for / = 1, L, are possible. Separate probabilities are given by the
individual terms in the general multinomial expansion,

N

(Pl+qi + ... + pL + qL)N= £ P(nu...,nL.i) = l , (11)
n, ,...,«£-1=0

as in the binomial case. The normal distribution is a special case of the binomial distribution when N is very large
and variables are not necessarily confined to integer values. The Poisson distribution is another special case of
the binomial distribution when the number of events, N, is also large, but the incidence, p, is small.

2. Normal Distribution

The normal distribution is an analytic approximation to the binomial distribution when N is very large, and n, the
observed value (success or failure rate), is not confined to integer values, but ranges continuously,

_oo<n<oo . (12)

Normal distributions thus apply to continuous observables, while binomial and Poisson distributions apply to
discontinuous observables. Statistical theories of errors are ordinarily based on normal distributions.

For the same mean, M = pN, and variance, 5 = pqN, the normal distribution, P, written as a continuously varying
function of n,

ap [~ (« -

is a good approximation to the binomial distribution in the range,

< P < 77TT - d4)

and within three standard deviations of the mean,

pN-3(pqN)ll2 <n<pN + 3(pqN)ll2 . (15)

The distribution is normalized to one over the real infinite interval,

/ Pdn = 1 . (16)

The probability that a normally distributed variable, n, is less than or equal to b is,

P<(b)= fb Pdn , (17)
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while the corresponding probability that n is greater than or equal to b is,

I = / Pdn . (18)

The normal distribution is extremely important in statistical theories of random variables. By the
central limit theorem, the distribution of sample means of identically distributed random variables
is approximately normal, regardless of the actual distribution of the individual variables.

3. Poisson Distribution
The Poisson distribution is a special case of the binomial distribution when N becomes large, and p
is small, and certainly describes all discrete random processes whose probability of occurrence is
small and constant. The Poisson distribution applies substantially to all observations made
concerning the incidence of decompression sickness in diving, that is, p « 1 as the desired norm.
The reduction of the binomial distribution to the Poisson distribution follows from limiting forms
of terms in the binomial expansion, that is, P (n).

In the limit as N becomes large, and p is much smaller than one, we have,

N\
777 \7 = ' v.1")
{N — n)!

and therefore the binomial probability reduces to,

p(") = ~zr exP (

which is the discrete Poisson distribution. The mean, M, is given as before,

M = pN (22)

and the variance, s, has the same value,

s = pN , (23)

because q is approximately one. The cumulative probabilities, P > (n) and P < (n), are the same as
those defined in the binomial case, a summation over discrete variable, n. It is appropriate to
employ the Poisson approximation when p < .10, and N > 10 in trials. Certainly, from a numerical
point of view, the Poisson distribution is easier to use than the binomial distribution. Computation
of factorials is a lesser task, and bookkeeping is minimal for the Poisson case.

In addition to the incidence of decompression sickness, the Poisson distribution describes the
statistical fluctuations in such random processes as the number of cavalry soldiers kicked and
killed by horses, the disintegration of atomic nuclei, the emission of light quanta by excited atoms,
and the appearance of cosmic ray bursts. It also applies to most rare diseases.

Probabilistic Decompression

Table 1 lists corresponding binomial decompression probabilities, P(n), for 1% and 10% underlying
incidence (99% and 90% nonincidence), yielding 0,1, and 2 or more cases of decompression sickness. The
underlying incidence, p, is the (fractional) average of hits.

As the number of trials increases, the probability of 0 or 1 occurrences drops, while the probability of
2 or more occurrences increases. In the case of 5 dives, the probability might be as low as 5%, while in the
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case of 50 dives, the probability could be 39%, both for p= .01. Clearly, odds even percentages would
require testing beyond 50 cases for an underlying incidence near 1%. Only by increasing the number of
trials for fixed incidences can the probabilities be increased. Turning that around, a rejection procedure
for 1 or more cases of decompression sickness at the 10% probability level requires many more than 50
dives. If we are willing to lower the confidence of the acceptance, or rejection, procedure, of course, the
number of requisite trials drops. Table 1 also shows that the test practice of accepting an exposure
schedule following 10 trials without incidence of decompression sickness is suspect, merely because the
relative probability of nonincidence is high, near 35%.

Questions as to how safe are decompression schedules have almost never been answered
satisfactorily. As seen, large numbers of binary events are required to reliably estimate the underlying
incidence. One case of decompression sickness in 30 trials could result from an underlying incidence, p,
bounded by .02 and .16 roughly. Tens more of trials are necessary to shrink those bounds.

Table 1. Probabilities of Decompression Sickness for Underlying Incidences.

N (dives)

10

20

50

n (hits)

0
1

2 or more
0
1

2 or more
0
1

2 or more
0
1

2 or more

P(n)
p = .0l
q=.99
.95
.04
.01
.90
.09
.01
.82
.16
.02
.61
.31
.08

P(n)
p = .\0
q=.9O
.59
.33
.08
.35
.39
.26
.12
.27
.61
.01
.03
.96

Biological processes are highly variable in outcome. Formal correlations with outcome statistics are
then generally requisite to validate models against data. Often, this correlation is difficult to firmly
establish (couple of percent) with fewer than 1,000 trial observations, while ten percent correlations can
be obtained with 30 trials, assuming binomial distributed probabilities. For decompression analysis, this
works as a disadvantage, because often the trial space of dives is small. Not discounting the possibly
small trial space, a probabilistic approach to the occurrence of decompression sickness is useful and
necessary. One very successful approach, developed and tuned by Weathersby and others for
decompression sickness in diving, called maximum likelihood, applies theory or models to diving data
and adjusts the parameters until theoretical prediction and experimental data are in as close agreement as
possible.

Validation procedures require decisions about uncertainty. When a given decompression procedure
is repeated with different subjects, or the same subjects on different occasions, the outcome is not
constant. The uncertainty about the occurrence of decompression sickness can be quantified with
statistical statements, though, suggesting limits to the validation procedure. For instance, after analyzing
decompression incidence statistics for a set of procedures, a table designer may report that the procedure
will offer an incidence rate below 5%, with 90% confidence in the statement. Alternatively, the table
designer can compute the probability of rejecting a procedure using any number of dive trials, with the
rejection criteria any arbitrary number of incidences. As the number of trials increases, the probability of
rejecting a procedure increases for fixed incidence criteria. In this way, relatively simple statistical
procedures can provide vital information as to the number of trials necessary to validate a procedure
with any level of acceptable risk, or the maximum risk associated with any number of incidences and
trials.
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One constraint usually facing the statistical table designer is a paucity of data, that is, number of
trials of a procedure. Data on hundreds of repetitions of a dive profile are virtually nonexistent,
excepting bounce diving perhaps. As seen, some 30-50 trials are requisite to ascertain procedure safety at
the 10% level. But 30-50 trials is probably asking too much, is too expensive, or generally prohibitive. In
that case, the designer may try to employ global statistical measures linked to models in a more complex
trial space, rather than a single profile trial space. Integrals of risk parameters, such as bubble number,
supersaturation, separated phase, etc., over exposures in time, can be defined as probability measures for
incidence of decompression sickness, and the maximum likelihood method then used to extract
appropriate constants:

1. Maximum Likelihood
We can never measure any physical variable exactly, that is, without error. Progressively more
elaborate experimental or theoretical efforts only reduce the possible error in the determination. In
extracting parameter estimates from data sets, it is necessary to also try to minimize the error (or
data scatter) in the extraction process. A number of techniques are available to the analyst,
including the well-known maximum likelihood approach.

The measure of any random occurrence, p, can be a complicated function of many parameters, x — (xk, k = l,K),
with the only constraint,

0 < p(x) < 1 , (24)

for appropriate values of the set, x. The measure of nonoccurence, q, is thereby conservation of probability,

q(x) = l-p(x), (25)

over the same range,

0<q(x)<\ . (26)

Multivalued functions, p(x), are often constructed, with specific form dictated by theory or observation over many
trials or tests. In decompression applications, the parameters, x, may well be the bubble-nucleation rate, number
of venous gas emboli, degree of supersaturation, amount of pressure reduction, volume of separated gas, ascent
rate, or combinations thereof. Parameters may also be integrated in time in any sequence of events, as a global
measure, though such measures are more difficult to analyze over arbitrary trial numbers.

The likelihood of any outcome, O, of N trials is the product of individual measures of the form,

®(n) = pnqm = pn(l-p)m , (27)

given n cases of decompression sickness and m cases without decompression sickness, and,

n + m = N . (28)

The natural logarithm of the likelihood, 4*, is easier to use in applications, and takes the form,

*¥ = \n<S> = n\np + m\n{l-p) , (29)

and is maximized when,

£ = 0. (30)
dp

In terms of the above, we then must have,

^ - ^ 0 , (31)
P I-P

trivially requiring,

P = — = IT, : (32)
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1 m m

l-p=q= = — •
y n + m N

Thus, the likelihood function is maximized when p is the actual incidence rate, and q is the actual nonincidence
rate. The multivalued probability functions, p(x), generalize in the maximization process according to,

" £ * * * . ( > , <34,

satisfied when,

^- = 0 fork=l,K . (35)
dxk

In application, such constraints are most easily solved on computers, with analytical or numerical methods.

In dealing with a large number of decompression procedures, spanning significant range in depth, time, and
environmental factors, an integrated approach to maximum likelihood and risk is necessary. Integral measures,
p(x, t) and q(x, t), can be defined over assumed decompression risk, C,(x, t),

p(x,t) = l-exp | - j r £(*/)&'] , (36)

q(x,t) = exp [-jf £(*,/>'j - (37)

with t' any convenient time scale, and £ any assumed risk, such as bubble number, saturation, venous emboli
count, etc. as mentioned. Employing p(x, t) and q(x, t) in the likelihood function, and then maximizing ac-
cording to the data, permits maximum likelihood estimation of £(*,?)• Such an approach can be employed in
decompression table fabrication, yielding good statistical estimates on incidence rates as a function of exposure
factors.

2. Saturation Bends Probability

Many factors contribute to bends susceptibility. Age, obesity, temperature, physical condition, alcohol, and
cigarettes are a few. Whatever the contributing factors, the distribution of bends depths for saturation exposures
has been characterized in terms of the saturation tension, Q, and ambient pressure, P, by Hills. This characteriza-
tion is not only of academic interest, but is also useful in assigning formal risk to decompression formats.

The distribution of saturation bends depths, %, fits a Weibull function. This is true for all breathing mixtures,
nitrox, heliox, trimix, etc. If cumulative fraction of air bends cases up to G is %, the survivor fraction, 1 — %»
satifies,

m (.-*) = - [ ^ f 08)
for cumulative bends probability, %, the usual integral over bends risk, C,, as a function of gradient, G,

X=f\(G')dG' (39)
Jo

with saturation bends gradient, G, measured in fsw,

G-Q-P (40)

As the gradient grows, the survivor function approaches zero exponentially. The smallest bends gradient is 14.3
fsw, which can be contrasted with the average value of 26.5 fsw. The root mean square gradient is 27.5 fsw. At
27 fsw, the survivor fraction is 0.96, while 67% of survivors fall in the range, 26.5 ± 7.6 fsw, with 7.6 fsw the
standard deviation. For gas mixtures other than air, the general form is given by,
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where / ; is the total volume fraction of inert breathing gases, for G = Pf — Pi, and with 8, 8 constants.

The efficiency of the Weibull distribution in providing a good fit to the saturation data is not surprising. The
Weibull distribution enjoys success in reliability studies involving multiplicities of fault factors. It obviously
extends to any set of hyperbaric or hypobaric exposure data, using any of the many parameter risk variables
described above.

3. Risk Tables

A global statistical approach to table fabrication consists of following a risk measure, or factor p, throughout
and after sets of exposures, tallying the incidence of DCI, and then applying maximum likelihood to the risk
integral in time, extracting any set of risk constants optimally over all dives in the maximization procedure. In
analyzing air and helium data, Weathersby assigned risk as the difference between tissue tension and ambient
pressure divided by ambient pressure. One tissue was assumed, with time constant ultimately fixed by the data in
ensuing maximum likelihood analysis. The measure of nonincidence, q, was taken to be the exponential of risk
integrated over all exposure time,

q(K, t) = exp [- J~ C(K, x, t')dt' ] ,

Pa

(42)

(43)

with K a constant determined in the likelihood maximization, pa ambient pressure, and p(t') the instantaneous
Haldane tension for tissue with halftime, x, also determined in the maximization process, corresponding to arbi-
trary tissue compartments for the exposure data. Other more complex likelihood functions can also employed, for
instance, the separated phase volume according to the varying permeability and reduced gradient bubble models,

, (44)

A = |̂ 1 - | j , (45)

with An the permissible bubble excess, r the bubble radius, G the bubble diffusion gradient (dissolved-free gas),
and K and \ constants determined in the fit maximization of the data. Another risk possibility is the tissue ratio,

C ( W ' ) = K ^ , (46)

a measure of interest in altitude diving applications.

Hundreds of air dives were analyzed using this procedure, permitting construction of
decompression schedules with 95% and 99% confidence (5% and 1% bends incidence). These tables
were published by U.S. Navy investigators, and Table 2 tabulates the corresponding nonstop time
limits (p = .05, .01), and also includes the standard U.S. Navy (Workman) limits for comparison.
Later re-evaluations of the standard set of no-stop time limits estimate an underlying incidence rate
of 125% for the limits. In actual usage, the incidence rates are below .001%, because users do not
generally dive to the limits.
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Table 2. No-Stop Time Limits for 1% and 5% Incidence Rates.

depth
d (fsw)

30
40
50
60
70
80
90
100
110
120
130

nonstop limit
tn (min)
p = .05

240
170
120
80
80
60
50
50
40
40
30

nonstop limit
tn {min)
p-.0\

170
100
70
40
25
15
10
8
5
5
5

nonstop limit
tn (min)

US Navy

200
100
60
50
40
30
25
20
15
10

Implicit in such formulations of risk tables are the assumptions that a given decompression stress is
more likely to produce symptoms if it is sustained in time, and that large numbers of separate
events may culminate in the same probability after time integration. Though individual schedule
segments may not be replicated enough to offer total statistical validation, categories of predicted
safety can always be grouped within subsets of corroborating data. Since the method is general,
any model parameter or meaningful index, properly normalized, can be applied to decompression
data, and the full power of statistical methods employed to quantify overall risk. While powerful,
such statistical methods are neither deterministic nor mechanistic, and cannot predict on first
principles. But as a means to table fabrication with quoted risk, such approaches offer attractive
pathways for analysis.

Model Validation

Validation procedures for schedules and tables can be quantified by a set of procedures based on
statistical decompression analysis:

1. select or construct a measure of decompression risk, or a probabilistic model;
2. evaluate as many dives as possible, and especially those dives similar in exposure time, depth,

and environmental factors;
3. conduct limited testing if no data are available;
4. apply the model to the data using maximum likelihood;
5. construct appropriate schedules or tables using whatever incidence of decompression sickness is

acceptable; and,
6. release and then collect use statistics for final validation and tuning.

Questions of what risk is acceptable to the diver vary. Recreational and scientific divers would
probably opt for very small risk (.01% or less), while military and commercial divers might live with
higher risk (1$\%$), considering the nearness of medical attention in general. Many factors influence
these two populations, but fitness and acclimatization levels would probably differ considerably across
them. While such factors are difficult to fold into any table exercise or analysis, the simple fact that
human subjects in dive experiments exhibit higher incidences during testing phases certainly helps to
lower the actual incidence rate in the field, noted by Bennett and Lanphier.

Computational Models

Certainly there is considerable latitude in model assumptions, and many plausible variants on a
theme. Many models are correlated with diving exposure data, using maximum likelihood to fit
parameters or other valid statistical approaches, but not all. Most have been applied to profiles outside of
tested ranges, when testing has been performed, in an obvious extrapolation mode. Sometimes the
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extrapolations are valid, other times not. Reverse dive profiles represent just that sort of extrapolation
process for the bulk of these models, since reverse dsive profiles testing has not been extensive. So, now
consider the 6 models:

1. Perfusion Limited Algorithm (PLA)

Exchange of inert gas, controlled by blood flow rates across regions of varying concentration, is driven by the
gas gradient, that is, the difference between the arterial blood tension, pa, and the instantaneous tissue tension, p.
This behavior is modeled in time, t, by classes of exponential response functions, bounded by pa and the initial
value of p, denoted /?,-. These multitissue functions satisfy a differential perfusion rate equation,

^ pa) (47)

and take the form, tracking both dissolved gas buildup and elimination symmetrically,

P-Pa={pi-Pa)exp(-Xt) (48)

with perfusion constant, X, linked to tissue halftime, T. Compartments with 1, 2.5, 5, 10, 20, 40, 80, 120, 180,
240, 360,480, and 720 minute halftimes, x, are employed, and are independent of pressure.

In a series of dives or multiple stages, pi and pa represent extremes for each stage, or more precisely, the initial
tension and the arterial tension at the beginning of the next stage. Stages are treated sequentially, with finishing
tensions at one step representing initial tensions for the next step, and so on. To maximize the rate of uptake or
elimination of dissolved gases the gradient, simply the difference between p, and pa, is maximized by pulling the

diver as close to the surface as possible. Exposures are limited by requiring that the tissue tensions never exceed
M, written,

M = M0 + AMd (50)

at depth, d, for AM the change per unit depth. A set of Mo and AM are listed in Table 3. In absolute units, the
corresponding critical gradient, G, and critical ratio, R, are given by,

G p

* = £ (52)

with P ambient pressure.

Table 3. Classical US Navy Surfacing Ratios And Critical Tensions

halftime critical ratio critical tension tension change
x (min) /?o MQ (fsw) AM

5
10
20
40
80
120

3.15
2.67
2.18
1.76
1.58
1.55

104
88
72
58
52
51

2.27
2.01
1.67
1.34
1.26
1.19
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At altitude, some critical tensions have been correlated with actual testing, in which case, the depth, d, is defined
in terms of the absolute pressure,

d = P-33 (53)

with absolute pressure, P, at altitude, z, given by (fsw),

P = 33exp(-0.Q38lz) = 33oCl (54)

a=exp (0.038 k ) (55)

and z in multiples of 1000 feet. However, in those cases where the critical tensions have not been tested nor
extended to altitude, an exponentially decreasing extrapolation scheme, called similarity, has been employed.
Extrapolations of critical tensions, below P = 33 fsw, then fall off more rapidly then in the linear case. The
similarity extrapolation holds the ratio, R = M/P, constant at altitude. Denoting an equivalent sea level depth, 8,
at altitude, z, one has for an excursion to depth d,

M{d) = M(S) ( 5 6 )

d + 33arl 8 + 33

so that the equality is satisfied when,

8 = ad (57)

M(8) = aM{d). (58)

Considering the minimum surface tension pressure of bubbles, Gmin (near 10fsw), as a limit point, the similarity
extrapolation should be limited to 10,000 feet in elevation, and neither for decompression, nor heavy repetitive
diving.

As described previously, depth-time exposures are often limited by a law of the form,

dtlJ2 = H (59)

with tn the nonstop time limit, and 400 < H < 500 fsw min1!2. One can obtain the corresponding tissue constant,
A, controlling the exposure at depth d, for nonstop time tn, by differentiating the tissue equation with respect to
depth, d, and setting the result to zero. With pa = J9(d+ 33) at sea level, there results,

1 - exp (-Xtn)(1 + 2 Xtn) = 0. (60)

Corresponding critical tensions, M, are then easily obtained using d, X, and tn. In the above case, the transcen-
dental equation is satisfied when,

A/n =1.25 (61)

Time remaining before a stop, time at a stop, or surface interval before flying can all be obtained by inverting the
tissue equation. Denoting the appropriate critical tension at some desired stage, M, and the instantaneous tension
at that time, p, at stage, pa, the time remaining, tr, follows from,

(62)

for each compartment, X. Obviously, the smallest tr controls the ascent.

The PLA forms the basis for most table and meter algorithms, and has been extensively tested for different profiles
and gas loadings. First tests on the modern approaches were performed by the US Navy.
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2. Diffusion Limited Algorithm (DLA)

Exchange of inert gas, controlled by diffusion across regions of varying concentration, is also driven by the local
gradient. As before, denoting the arterial blood tension, pa, and instantaneous tissue tension, p, the gas diffusion
equation takes the form in one-dimensional planar geometry,

DU = % (63)
dx2 dt

with D a single diffusion coefficient appropriate to the media. Using standard techniques of separation of vari-
ables, with CQ̂  the separation constant (eigenvalue), the solution is written,

p - pa = {Pi - pa) X Wn sin (conx) exp {-(H2
nDt) (64)

n=l

assuming at the left tissue boundary, x = 0, we have p = pa, and with Wn a set of constants obtained from the
initial condition. First, requiring p = padt the right tissue boundary, x = I, yields,

nn ,„
®n - — (65)

for all n. Then, taking p = px at t = 0, multiplying both sides of the diffusion solution by sin (<omx), integrating
over the tissue zone, I, and collecting terms gives,

W2n = 0 (66)

W2n_, = 4 (67)
(2n— 1)11

Averaging the solution over the tissue domain eliminates spatial dependence, that is sin ((£>nx), from the solution,
giving a bulk response,

P-Pa = (Pi-Pa) 2J , _ . 2 2exp (-G)2n_iDt). (68)

The expansion resembles a weighted sum over effective tissue compartments with time constants, co^n_l£),
determined by diffusivity and boundary conditions.

Diffusion models fit the time constant, K,

K = n2Dl2 (69)

to exposure data, with a typical value employed by the Royal Navy given by,

K = 0.007928 min~l. (70)

The approach is aptly single tissue, with equivalent tissue halftime, to ,

.693 o
TD — = 87.5 min } (71)

close to the US Navy 120 minute compartment used to control saturation, decompression, and repetitive diving.
Corresponding critical tensions in the bulk model, take the form,

. , 709/>

falling somewhere between fixed gradient and multitissue values. At the surface, M = 53 fsw, while at 200/^w,
M = 259 fsw. A critical gradient, G, satisfies,

.79 (P+404) '
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The limiting features of bulk diffusion can be gleaned from an extension of the above slab model in the limit of
thick tissue region, that is, / —y <*>. Replacing the summation over n with an integral as I —>• °°, we find

P-Pa = (Pi ~ Pa) erf [l/(4Dt)1?2] (74)

with erf the average value of the error —function over I, having the limiting form (Abramowitz and Stegun),

erf [l/{4DtY'2] = 1 - (ADt)ll2l^l2 (75)

for short times, and

for long times.

Unlike the perfusion case, the diffusion solution, consisting of a sum of exponentials in time, cannot be formally
inverted to yield time remaining, time at a stop, nor time before flying. Such information can only be obtained by
solving the equation numerically, that is, with computer or hand calculator for given M, p, and pa.

If we wrap the above planar geometry around into a hollow cylinder of inner radius, a, and outer radius, b,
we generate Krogh geometry. The hollow cylindrical model retains all the features of the planar model, and
additionally includes curvature for small a and b, with / = b — a from before. Assigning the same boundary
conditions at a and b, namely, the tissue tension, p, equals the arterial tension, pa, writing the diffusion equation
in radial cylindrical coordinates,

D dp _ dp

and solving yields,

P-Pa= {Pi - Pa) £ Xn £/0(enr) exp {-Z2
nDt) (78)

with Xn a constant satisfying initial conditions, UQ the cylinder functions (Abramowitz and Stegun), and tn the
eigenvalues satisfying,

-.0 . (79)

Averaging over the tissue region, a<r<b, finally gives,

>-»•<»-»> jpwz* £ g W ) "p (- e ; p" (80)

with J\ and JQ Bessel functions, order 1 and 0. Typical vascular parameters are bounded by,

0 < a < 4 microns (81)

10 < b < 32 microns. (82)

The DLA was introduced and tested extensively by the Royal Navy, roughly on the same time scales as the US
Navy tested the PLA.

3. Thermodynamic Algorithm (TA)

The thermodynamic model couples both the tissue diffusion and blood perfusion equations. Cylindrical sym-
metry is assumed in the model. From a boundary vascular zone of thickness, a, gas diffuses into the extended
extravascular region, bounded by b. The radial diffusion equation is given by,

D*l^P (83)
r dr dt
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with the tissue tensions, p, equal to the venous tensions, pv, at the vascular interfaces, a and b. The solution to
the tissue diffusion equation is given previously,

with £„ eigenvalue roots of the boundary conditions,

JQ(ena) Yi (enb/2) - Y0{tna) Jx M / 2 ) = 0 (85)

for / and Y Bessel and Neumann functions, order 1 and 0. Perfusion limiting is applied as a boundary condition
through the venous tension, pv, by enforcing a mass balance across both the vascular and cellular regions at a,

( 8 6 )

with Sp the ratio of cellular to blood gas solubilities, K the perfusion constant, and pa the arterial tension. The
coupled set relate tension, gas flow, diffusion and perfusion, and solubility in a complex feedback loop.

The thermodynamic trigger point for decompression sickness is the volume fraction, %, of separated gas, coupled
to mass balance. Denoting the separated gas partial pressure, P/v2, under worse case conditions of zero gas
elimination upon decompression, the separated gas fraction is estimated,

XPN2=SC(P-PN2) (87)

with Sc the cellular gas solubility. The separated nitrogen partial pressure, P#2 is taken up by the inherent unsatu-
ration, and given by (fsw),

P/v2=P+3.21 (88)

in the original Hills formulation, but other estimates have been employed. Mechanical fluid injection pain, de-
pending on the injection pressure, 8, can be related to the separated gas fraction, %, through the tissue modulus,
K,

K% = 8 (89)

so that a decompression criteria requires,

K%<8 (90)

with 8 in the range, for K = 3.7 x 104 dyne cm~2,

0 . 3 4 < 8 < 1 . 1 3 / J W . (91)

Identification of the separated phase volume-as a critical indicator is a significant development in decompression
theory.

The TA has been applied to computational studies of air and helium deep saturation data, and was the first model
to suggest deep stops to control bubble growth.

4. Varying Permeability Algorithm (VPA)

The critical radius, r,-, at fixed pressure, Po, represents the cutoff for growth upon decompression to lesser pressure.
Nuclei larger than r,- will all grow upon decompression. Additionally, following an initial compression, AP =
P — PQ, a smaller class of micronuclei of critical radius, r, can be excited into growth with decompression. If r,- is
the critical radius at Po. then, the smaller family, r, excited by decompression from P, obeys,

1 1 AP
+

with AP measured in fsw, and r in microns. Table 4 lists critical radii, r, excited by sea level compressions
(Po = 33 fsw), assuming r,- = .8 microns. Entries also represent the equilibrium critical radius at pressure, P.
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