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Abstract

The pioneering work of J.S. Haldane with the first decompression table in 1906 has gener-
ated considerable research and effort towards the development of safer and more rapid decom-
pression procedures. The deterministic approach is governed by a fixed set of rules that defines
the boundary between safe and unsafe dives and includes a model for gas exchange and an
ascent criterion, such as gas supersaturation, to calculate the "safe" decompression depth. These
decompression models are essentially empirical and provide "safe" decompression only over a
limited range of depth and bottom times. The statistical approach considers DCI to be a proba-
bilistic event and uses a risk function consisting of a gas exchange component and an ascent
criterion to estimate or predict the risk of DCI. The ascent criterion can be based on supersatu-
ration or bubble growth. To determine the risk function, a large data set of precise dive data,
including time, depth, gas composition, and DCI outcome, must be available to match the pre-
dicted risk with the observed data. Probabilistic models of decompression can be used to ana-
lyze dive tables and procedures, compare different tables, and develop decompression tables
with a given risk level. The probabilistic approach for decompression is a very powerful tech-
nique that could lead to a better insight into the physics and physiology of decompression be-
cause of its objectivity and potential for implementing a variety of models in the design of the
risk functions for DCI. This review compares both approaches and discusses current and future
challenges in the quest for a universal decompression model.

Key Words: diving, decompression, decompression models, probablhstlc r1sk model,
decompression sickness, decompression illness : S

Introduction

Since the development of the first de-
compression tables in 1906 by J.S. Haldane,
considerable research and effort have been
expended in the development of safer and
more rapid decompression procedures and
tables. Haldane was the first to define a de-
compression schedule in terms of depth and
time exposures (Hempleman 1993). The ap-
proach taken by Haldane can be considered
to be deterministic and most models/tables of
decompression that have since been developed
have taken a similar approach. However, such
tables are valid only over a limited range of

depth and bottom times. The development of
the universal decompression table has not yet
been achieved, in part due to an incomplete
understanding of the response to decompres-
sion and of decompression illness (DCI).
There are many factors that can directly and
indirectly influence decompression safety, and
in many cases, their exact contributions are
not known. More recently, a different and
more promising approach to the decompres-
sion problem has been proposed by
Weathersby et al. (1984) that uses statistical
methods to analyze real dive data to develop
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probabilistic models. These models can sub-
sequently be used to develop decompression
tables based on a calculated risk of DCI.

Decompression tables based on deter-
ministic methods are governed by a fixed set
of rules that define the boundary between safe
and unsafe dives. The No-Decompression
limit is a good example (Fig. 1). It is generally
assumed that dive bottom times less than and
-up to the no-decompression boundary are safe.
On the other hand, if this boundary is violated,
it is assumed that DCI would result. However,
the incidence of DCI is not so sharply ob-
served; that is, some divers can develop DCI
on the "safe" side of the boundary, while oth-
ers on the "unsafe" side have no apparent
symptoms. One individual may incur DCI
while others on the same profile may not. In
addition to this between subject variability, a
given individual may respond differently on
different days to the same profile.

Consequently, it is natural to consider
DCIT as a probabilistic event (Fig. 2). It is no
longer a case of being just safe or unsafe. In-
creasing the time-depth dose increases the risk
of DCI and vice-versa. Thus, in the example
given above, a dive table that has conserva-
tive no-decompression limits will have a lower
risk of DCI than a table that has more liberal
no-decompression limits. This concept leads
to the statistical approach for developing
probabilistic models of decompression to es-
timate or predict the risk of DCI. While the
statistical approach is the focus of current re-
search and development efforts in decompres-
sion theory, the deterministic approach is the
basis of most decompression tables and dive
computers; hence both approaches will be re-
viewed in this paper.

Deterministic Approach

The deterministic approach (Fig. 3) re-
quires a model for gas exchange that takes into
account the pressure, time and inspired gases
to calculate the gas loading or time-depth dose
for an individual exposed to that pressure
(Vann and Thalmann 1993). There must also
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Fig. 3. Elements of a deterministic decom-
pression model.

be an ascent criterion to enable the individual
to return safely back to the surface. The as-
cent criterion defines the "safe/unsafe" bound-
ary and is used to calculate the allowable or
"safe" decompression depth at any given time.
These calculations are used to generate a de-
compression profile or a set of dive tables for
safe guidance back to the surface. The model
and ascent criterion must be tested, and in the
event that the resultant decompression is in-
adequate, modifications are made and the vali-
dation process is repeated. -

The Haldane model (Hempleman 1993)
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is the classic example of a deterministic model
(Fig. 4). Haldane assumed that the body could
be represented by a set of parallel tissue com-
partments with different half-times selected to
represent a spectrum of tissues characterized
as fast to slow. The half-times ranged from 5
to 75 min and govern the exponential kinetics
of inert gas uptake and elimination. Haldane's
ascent criterion assumed that the body could
tolerate a certain degree of gas supersatura-
tion, and that this supersaturation, the ratio
between the allowable tissue pressure and the
safe decompression depth, was a factor of 2.

The US Navy found that the Haldane
tables were not safe for deep or long dives
(Workman and Bornmann 1975, Hempleman
1993). Between 1930 and 1950, it was dem-
onstrated that the faster tissues could tolerate
a much higher supersaturation ratio than the
slow tissues; for example, a value of 5.5 was
used initially for the 5 min compartment (Table
1). Continuing research also showed that a
120 min half-time compartment was required
for prolonged exposures at deeper depths and
that the ratios were depth dependent, being
smaller at deep decompression stops. This was
formulated into the M-value system of calcu-
lating decompression tables by Workman in
1965 (Hempleman 1993) and further extended
by Schreiner (Schreiner and Kelley 1971) to
include multiple inert gases that could be
breathed simultaneously or sequentially.

The Haldane/W orkman/Schreiner model
and its many derivatives form the basis of most
of the decompression tables and dive comput-
ers that exist today. Table 2 presents some
examples, mostly for air diving, showing the
number of compartments and range of half-
times used. For example, the US Navy uses 6
compartments with a maximum half-time of
120 min. Tonawanda II represents a Schreiner
version that is used for developing deep trimix
tables, with 11 compartments each for nitro-
gen and helium. The maximum half-times are
670 min for air and 240 min for helium.
Buhlmann's air diving model uses 16 compart-
ments (Buhlmann 1984). Other versions and/
or combinations are often applied in dive com-
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S|~ ST T4

P, P, Py P, Ps
Tin= 6 10 20 40 75 min
dP, Ascent Criterion
dtn =k(P, >~ B) Supersaturation Ratio
H
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Fig. 4. Parallel tissue compartments decom-
pression model (Haldane Model).

Table 1. Supersaturation ratios used by the US

Navy
bt Tl ol S| e | Dy [WorkmembeValuet

{min} Hansen (1951)
(1935) -
Mo AM
5 2.0 55 3.8 104 1.80
10 2.0 43 34 88 1.60
20 20 32 | 28 | depth 72 1.50
40 2.0 2.4 23 dependent 56 1.40
75 20 [18-20] 21 54 130
120 20 52 1.20
160 | 51 | 115
240 50 | 1.10

* M is the allowable nitrogen pressure in feet of seawater, AM is change per feet

Table 2. Examples of Haldane/Workman/
Schreiner decompression models

Implementation No. of Half-time | Application

Compartments [Range (min)
USNavy - 3 5-120 | Standard Air
Tonawanda Il (Hamiiton) | 11 Nitrogen | 5-670 | . . oo

11 Helium 5-240

Buhimann 16 2.65-635 Sv;liss Ai; T:abla
Rogers 14 | 5480 | DSATRDP (PADD
Buhlmann Hahn* 3 4397 | MICROBRAIN
Buhlmann (modified)* 6 | 4320 | ALADIN, US DIVERS
Powell* 12 5-480 | OCEANIC
Nikkola* ° 25480 | SUUNTO
Huggins/Spencer* i 12 ] 5-480 ] ORC;\ =
Lewis Multi-lovel* 6 5120 | OCEANIC
Lewis Modiﬁ'éé,isbencer. lzj 5- 4807 DACOR
Powell-Rogers*

*SOURCE: DIVE COMPUTERS, a Comparison by DACOR, Janhéry 1990




22 R. Y. Nishi and P. Tikuisis

Pa <t;> P

e

i(}:—ﬁ))[e"“+f_+_._

—Okt ~25kt }

Fig. 5. Single slab bulk diffusion model
(British).

puters, and all differ in their ascent criteria.

Although the Haldanian model is the
most widely used model for calculating de-
compression tables, other types of models have
been proposed. These non-Haldanian models
tend to be more complex mathematically. Of
the several that have been developed, only two
have been used to develop operational diving
tables. The first is the single slab, bulk diffu-
sion model (Fig. 5) that uses an approxima-
tion of the diffusion equation to calculate the
uptake and elimination of gas (Hills 1977,
Hempleman 1993). This model has been used
to develop the Royal Navy air decompression
tables, the British Sub Aqua Club tables, and
Underwater Engineering Group commercial
diving tables in the UK.

The second is the Kidd-Stubbs model
(Kidd and Stubbs 1969) used to develop the
DCIEM air and helium decompression tables
(Nishi 1992). It uses an arrangement of four
compartments in series (Fig. 6) and, similar to
the single slab model, has an ascent criterion
that is depth dependent. The four differential
equations that define the uptake and elimina-
tion of gas into the model compartments are
nonlinear and need to be solved by numerical
techniques on a digital computer.

The deterministic models used for cal-
culating decompression tables are empirical
and non-physiological, and have been referred
to as decompression calculation methods, or
decompression algorithms, rather than decom-
pression models (Hills 1977). The tissue com-
partments do not represent real tissues. There
is no prerequisite for successful decompres-

Pally Pi{ P2 XD Py P

Le (B + B, + B, - B)-

dr
(B+p+ P, Xp, - B
where P0=R4 and F=0

Fig. 6. Serial compartments decompression
model - Kidd-Stubbs Model (Canadian/
DCIEM). ’

sion table calculations to have a precise
knowledge of the physiology or causes of de-
compression illness (Hempleman 1969). In
these deterministic approaches, the equations
and constants of the model have been selected
to fit the data. If the equations or constants
prove to be inadequate, then other equations
or constants are introduced until an accept-
ably low incidence of DCI is achieved.

There is an abundance of model param-
eters (usually 3 times the number of compart-
ments in a Haldane/Workman/Schreiner
model) and they can be altered independently
to extend the operational envelope of the
tables or to correct local problems. If a Work-
man/Schreiner formulation is used to expand
the model to a matrix of M-values, then up to
several hundred parameters can be adjusted
to rectify difficult profiles. Although such
models appear to have great flexibility, they
are mathematically cumbersome and provide
little insight of DCI or guidance for the de-
velopment of a more realistic decompression
model. Non-Haldanian models are generally
better in this respect, having fewer parameters
or degrees of freedom.

Deterministic models are generally re-
stricted to a limited range of depths and bot-
tom times. Hence, the development of a uni-
versal model capable of prediction for dives
ranging from no-decompression to saturation
appears unattainable. In addition, with any
deterministic model, it is impossible to cal-
culate the risk if the ascent criterion is inad-
vertently violated, or to determine what cor-
rective action should be taken.
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Fig. 7. Statistical model of decompression.

Because DCI is considered a binary
event (i.e., either DCI occurs or does not oc-
cur), testing or validating profiles is costly in
time and resources. The validation process for
decompression tables requires testing profiles
in several different stages, through chamber
testing, operational evaluation of provisional
tables, and field use (Hamilton and Schreiner
1989). There is a detailed analysis and review
at each stage, sometimes necessitating a new
validation process. How many dives must be
conducted to declare a profile to be safe and
advance to the next stage is often a practical
consideration rather than a statistical one.
Twenty dives without a DCI incident is gen-
erally considered to be an acceptable compro-
mise.

Statistical theory indicates that the true
incidence of DCI based on the above practice
can range anywhere from 0% to 16.8% at the
95% confidence level as indicated by
Weathersby (1990). Upper confidence limits
of other examples are 52.2,30.9, 7.1, and 3.6%
if no cases of DCI occur in 5, 10, 50, and 100
trials, respectively. To achieve 95% confidence
that the true incidence would be less than 1%
would require that 400 tests be conducted on
that profile alone with no cases of DCI. The
implications of such a requirement are stag-
gering, especially considering that different
divers must be used for statistical validity and
without any occurrences of DCI. If DCI were
to occur, then many more dives would have to
be conducted to assure the 1% incidence at the
95% confidence level.

Variables

Risk = function(Variables)

“pCS
Outcome

Time
Example Mode!
Configuration

-~ § (risk)dr
PDCS)=10-e I

Fig. 8. Elements of the risk function for proba-
bilistic model of decompression.

Obviously, it is unacceptable to spend
that much effort and resources on only one
profile. As indicated above, 20 dives without
an incident of DCI on one profile is often ac-
cepted as a practical compromise.” Fortu-
nately, other cues are available to aid deci-
sions, including past experience and a knowl-
edge of the safety of other existing tables or
related profiles. Doppler ultrasonic monitor-

Ing of bubbles is also available to provide fur-

ther information on the decompression stress
of the dives (Nishi 1993).

Statistical Approach

The statistical approach to decompres-
sion modeling was developed at the US Na-
val Medical Research Institute (Weathersby
et al. 1984, Weathersby et al. 1985a) and it
has had a very large impact on how decom-
pression is analyzed and treated. In this ap-
proach, DCl is viewed as a probabilistic event
and a risk function based on the time-depth
dose is defined to estimate the risk or prob-
ability of DCI (Fig. 7). The risk function can
also be used to compute an ascent profile such
that the risk of DCI does not exceed a pre-
selected acceptable level of risk, unlike the
deterministic approach that calculates a "safe"
ascent profile. To determine the risk func-
tion, a large set of real dive data containing a
mixture of outcomes with and without DCI is
required and the risk function must be fitted
to the observed data.

The risk function contains both the gas
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kinetics and the ascent criterion. These are
similar to those used in the deterministic ap-
proach. For example, gas kinetics based on a
two-compartment model consisting of a fast
and slow tissue can be assumed (Fig. 8) and
the ascent criterion could be based on gas su-
persaturation or bubble growth. Instead of pre-
selecting the parameters of the risk model as
in the deterministic approach and using trial
-and error until the best fit to the data is
achieved, the parameter estimation program
only requires a reasonable estimate of the pa-
rameters as an initial starting point. It then re-
gresses the values that give the best fit to the
data iteratively by comparing the predictions
of DCI with the observed data. This method
of parameter estimation is based on the prin-
ciple of maximum likelihood (Edwards 1972).
The likelihood procedure can be ex-
tended to any number of compartments and
statistical tests can be applied to determine the
optimum number of compartments and/or pa-
rameters that should be used. There is no re-
striction to the configuration of compartments
Iparallel (e.g., Haldane) or series (e.g., Kidd-
Stubbs)], to the kinetics of inert gas exchange
(linear, exponential, etc.), or to the ascent cri-
teria (gas supersaturation or bubble growth).
The parameters of existing models such as the
Kidd-Stubbs or a Haldanian version (Vann
1987, Tikuisis et al. 1988, Parsons et al. 1989)
can be optimized against data using maximum
likelihood. The best model that the US Navy
has found for air diving is one where the up-
take of nitrogen is exponential and its elimi-
nation is linear (Parker et al. 1992). Several
recent investigations have focused on the evo-
lution of bubbles and the correlation of their
size/density to the incidence of DCI (Ball et
al. 1995, Burkard and Van Liew 1993, Gerth
and Vann 1997, Srinivasan et al. 1998, Tikuisis
etal. 1994, Van Liew 1991). '
Normally, the predictions of DCI from
the risk function are fitted against observed
DCI values. If bubble growth is used as the
ascent criterion, the estimated bubble size
could be fitted against the Doppler bubble
scores observed after decompression (Gault et

al. 1995). Doppler-detected bubbles can give
an indication of the decompression stress of
dives. No detectable bubbles or few bubbles
are indicative of low decompression stress,
whereas large quantities of bubbles are always
associated with high decompression stress,
and a higher risk of DCI. Although high
bubble levels do not necessatily result in DC,
experience has shown that DCI is almost al-
ways associated with high bubble levels (Nishi
1993). Therefore, the probabilistic method
could also be applied in this instance to de-
velop a model for decompression stress.

The dive data set used to calibrate the
statistical model is critical to its success. Dive
profiles as well as the outcome must be accu-
rately defined, whether or not DCI occurred
and when, if it did occur. The database should
be large (> 1000 dives) with and without in-
cidences of DCI. In fact, many cases of DCI
(5 - 10%) are required so that the parameter
estimation procedure can distinguish between
"safe" and "unsafe"” dives with increased con-
fidence (Albin 1992).

The requisite quality of the data, con-
sidered as primary, must provide a detailed
account of the dive profile from the start of
the dive to the end of the decompression pro-
file including any delays and depth variations
(Fig. 9). Not all data meet these requirements.

‘Using the nominal depth and bottom time re-

ported by a diver and assuming that decom-
pression occurred according to the stop times

Time (minutes)

0 20 40 60 80 100
T DCI
Symptom
Ideal Profile
— Actual Profile

Fig. 9. Data requirements for probabilistic
modeling - actual dive profile vs. ideal
table profile.
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taken from the decompression table that was
used is too crude. Gas composition must be
known to within 1%, the time resolution must
be within 0.3 min during depth and for gas
mixture changes, and depths must be precise
to within 1.5 feet of seawater (Weathersby and
Survanshi 1991). Operational dive logs gen-
erally do not give sufficient detail whereas
chamber logs that have been medically moni-
tored as to DCI outcome are ideal. The time
when the first definite symptom of DCI oc-
curred is critical to the parameter estimation
of the model (Weathersby et al. 1992a),

Historical chamber logs from dives pre-
ceding 1970 contain many cases of DCI, but
are generally not suitable because the criteria
for DCI were less conservative at that time
[i.e., symptoms had to be far more severe than
today's standards before they were acknowl-
edged as DCI and treated (Weathersby et al.
1986a)]. Open water dives conducted with
data logging dive computers could qualify if
the times and depths are recorded several times
a minute. However, unless the DCI outcome
has been reported accurately and truthfully,
and preferably by a qualified diving medical
specialist, such data are suspect. Unfortu-
nately, symptoms of DCI are sometimes ig-
nored or not reported, wilfully or through a
lack of recognition of symptoms of DCI. Mar-
ginal symptoms of DCI are particularly valu-
able in defining the "gray" zone between no
DCT and DCI, but these are often ignored since
they may not require treatment. While it is
tempting to use data from dive recorders, the
risk of serious error is too great. Incorrect in-
formation could lead to highly inappropriate
and incorrect parameter estimates that may
grossly underestimate the risk of DCI, lead-
ing to the development of hazardous decom-
pression tables or procedures. Ultimately, bad
data are worse than no data.

The power of the statistical approach is
that data can be combined from a wide variety
of depth-time exposures even though indi-
vidual profiles in the data set may constitute
only a very small number of actual trials
(Weathersby 1989). This overcomes the prob-

lem faced with the deterministic approach of
having to do many more tests on a single pro-
file. For example, the air data set used by the
US Navy which forms the basis of their new
air and nitrogen-oxygen probabilistic decom-
pression tables (Parker et al. 1992, Survanshi
et al. 1997) consists of more than 3300 man
dives from DCIEM, the US Navy and the
Royal Navy, completed from 1977 to 1990
(Weathersby et al. 1992b). The data range
from submarine escape profiles from depths
as great as 600 feet with a total exposure time
of less than 2 min, to saturation dives exceed-
ing one week at pressure.

As more dive data become available,
they can be combined to further improve the
model parameter estimates and increase con-
fidence in the model prediction. If helium or
trimix dive data, both non-saturation and satu-
ration, are added to an air diving data set, a
multiple-gas probabilistic model could be de-
veloped. It conceivably has the potential of
being the universal model that can take into
account any combination of gas and depth-
time exposure. However, high quality "pri-
mary" dive data are required to attain this goal.

Once a probabilistic model is formulated
and calibrated with data, different dive pro-
files or dive procedures can be theoretically
tested (i.e., predicting the risk of DCI for dives
with known outcomes). Conversely, new dive
profiles or decompression tables can be gen-
erated with pre-selected degrees of risk
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(Weathersby et al. 1985b). Figure 10 gives an
example of calculating the risk of DCI for the
individual profiles in a set of tables. This fig-
ure shows the results for the DCIEM helium-
oxygen decompression table with in-water
oxygen decompression (DCIEM 1992). The
risk model that was used took both helium and
nitrogen into account (Tikuisis et al. 1991a)
and was based on a preliminary data set of
approximately 3500 man-dives, of which ap-
proximately 30% were air dives. The esti-
mated risk of DCI for the profiles of each bot-
tom time/depth combination in the tables is
divided into several different ranges of risk.
The risk increases as the bottom time is in-
creased at each depth. The high risks at the
outer limits of the tables are a result of insuffi-
cient data for long and deep exposures in the
preliminary helium data set. As a result, this
model over-predicts the risk at the extreme lim-
its of the table. The actual observed incidence
of DCI in this range was around 3 to 5% dur-
ing the validation trials for the helium decom-
pression tables.

The same type of analysis can be used
to compare different decompression tables and
to estimate the relative risks of DCI
(Weathersby et al. 1986b). Profiles that give a
high risk of DCI can be modified to decrease
the risk. Dive procedures such as repetitive
diving (Tikuisis and Nishi 1992, Gerth et al.
1992) can also be analyzed. Another possi-
bility is to look at the relative risks of differ-
ent dive conditions, for example, between wet
and dry chamber divers (Weathersby et al.
1990), and to introduce into the risk function
a factor that takes this difference into account
for future predictive purposes. This method
may also be applied to estimate the risk of DCI
for divers with predisposing conditions
(Tikuisis et al. 1991b).

Table 3 shows an example of equal risk
decompression tables developed by the proba-
bilistic method (Survanshi et al. 1997) as part
of the development of the USN93 decompres-
sion tables. These are no-decompression lim-
its for air dives with a 1, 2.3 and 5% estimated
risk of DCI. Selecting a 1% risk severely re-

Table 3. Statistically-based decompression
tables: equal risk no-decompression limits
(Survanshi et al. 1997)

Depth No-Decompression Limit Depth No-Decompression Limit
(fsw) (min) (fsw) (min)
1% 2.3% 5% 1% 2.3% 5%
30 146 245 387 90 14 32 59
40 63 144 232 100 11 27 50
50 40 93 156 120 7 B 2t 33
60 29 64 13 140 4 16 31
70 21 48 87 160 4 14 26
80 16 3s 70 180 ] B 12 22

stricts the allowable time at depth; for ex-
ample, at 100 feet, only 11 min is allowed.
This is shorter than, for example, the 15 min
allowed by the DCIEM air table, or the 25
min allowed by the older 1957 US Navy
tables. However, if a higher risk such as 5%
is acceptable, a much longer period, 50 min
in this case, can be spent at 100 fsw. The
choice of the acceptable risk level will gener-
ally be an operational decision. For example,
a 2.3% risk defines the operational limit in
the USN93 tables which allows 27 min in the
case of a 100 foot dive. ’
Although probabilistic models have
been successful in predicting the observed
DCI in a wide range of air and nitrogen-oxy-
gen dive data, they have tended to
underpredict the risk of DCI for dives with
prolonged breathing of 100% oxygen. Stud-
ies have shown that it is highly possible that
oxygen may have to be considered as a con-
tributor to DCI risk at high partial pressures
(Tikuisis and Nishi 1994, Parker et. al. 1996).
In addition to tables of equal risk, tables
can also be developed with variable risk in
different depth/bottom time ranges depend-
ing on operational requirements. Unlike the
deterministic model which gives only one path
back to the surface, the probabilistic model
can give an infinite number of paths back to
the surface, depending on the risk that the user
is willing to tolerate or accept. One obvious
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choice is to generate tables which minimize
the decompression times for a given risk.
Regardless, any decompression table or pro-
file developed from probabilistic models will
still require validation testing under controlled
conditions. Fortinately, strategies can be de-
vised for minimizing the number of trials and
cases of DC1I while still retaining the statisti-
cal power of the method [e.g., by using a se-
quential trials design (Homer and Weathersby
1985, Lehner and Palta 1989, Survanshi et al.
1992 and 1998)]. Another promising develop-
ment is the use of animal models for decom-
pression validation. Lehner et al. (1997) have
reported strong similarities between sheep and
human responses to decompression.

Probably the greatest advantage of the
probabilistic model is that it can be designed
into a real-time dive computer to give consid-
erable flexibility and decompression options
(Survanshi et al. 1996). For example, the com-
puter can calculate the instantaneous risk as
the dive progresses and determine the optimum
decompression profile to minimize the total
decompression time for a given risk level
(Survanshi et al. 1996). Such a real-time algo-
rithm requires considerable processing power;
at present, unlike the deterministic counterpart,
implementing the probabilistic program in a
miniature diver-portable computer is not pos-
sible.

Another application of the probabilistic
approach has been the development of a model
for predicting maximum bubble size calibrated
against Doppler-detected bubbles in divers
(Gault et al. 1995). Remarkably, the predic-
tions agree closely with those from an inde-
pendently-derived bubble model calibrated
against the incidence of DCI that has been used
to generate a Bubble Growth Index (BGI,
Gernhardt 1991). Fig. 11 shows a comparison
of the maximum bubble size predicted from
the DCIEM model and the BGI for no-stop
decompression dives. The close agreement
strongly supports an inherent connection be-
tween bubble size and the incidence of DCI,
and by extension, the application of bubble
models for safe decompression. Preliminary

Maximum Bubble Radius (Rmax)
O = N W b o N (‘n

- Bubble Growih Index (BGI)

(e}

............
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US Navy No-decompression Limits (fsw/rrﬁn)

Fig. 11. Comparison of predicted maximum
bubble size based on Doppler-detected
bubbles with the Gernhardt Bubble

Growth Index based on DCI data, for US
Navy no-decompression dive limits.

investigations indicate that decompression is
incident-free if the maximum bubble size or
BGI is below a specific threshold. This po-
tentially provides a very convenient method
for developing safe surface decompression

‘procedures.

In summary, the statistical approach for
decompression is a very powerful technique
that has opened up the potential for an entirely
new concept in table design, analysis, and dive
testing. It is highly desirable because of its
objectivity and its potential for implementing
gas kinetics, bubble growth, or other natural
phenomena in the description of the risk func-
tion for DCI. By being able to investigate
different risk criteria, for example, gas super-
saturation vs. bubble growth, bubble size vs.
gas volume, etc., and matching the results to
actual dive data, better insight into the phys-
ics and physiology of decompression will be
attained. The present work is still largely de-
velopmental, deriving the best risk model, es-
tablishing well-calibrated dive data for he-
lium/trimix dives, and exploring the poten-
tial uses of the probabilistic decompression
models. There are still many problems to be
overcome before the universal decompression
model emerges. A ~
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