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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.
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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
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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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