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Preface

The workshop on safety limits of dive computers was sponsored by the Swiss Foundation for Hyperbaric
Medicine. The reason was to bring international experts from Europe and Overseas to the country where from
the beginning of dive computers use very many volunteer divers and diving instructors have participated in
validation programs for our local decompression algorithm developed by the Diving Research Laboratory Ziirich
chaired by Prof. Bithimann. As most of the symposia and workshops of the past were organized in the United
States we felt that we had to offer to the Swiss scientists and diving instructors an opportunity to meet experts
and to participate in the still ongoing discussion about the advantages and dangers of dive computer use by
recreational divers.

Because of a limited budget we could not invite all the experts that would have been able to contribute to the
subject, so we regret that we were not able to include several others of our international colleagues who would
have made the workshop even better.

The workshop was organized with speakers that were invited to present their own contribution to the topics and
with a general discussion of the presentations following the last speaker. We then arranged a round table
discussion with a list of questions and proposals that had to be answered by all the participants. As most of the
speakers would have known the position of the others the discussion following these questions was limited in
time but as everyone had to give his position, the summary gives a good estimation of whether there was a
general consensus or major disagreement about these particular questions. The rationale and calculations of the
“no-bubbles” question in the roundtable discussion are published in the Appendix because the subject is of
particular importance.

As the workshop was organized at the end of the Annual Scientific Congress of the European Underwater and
Baromedical Society in Basel we invited a few speakers of the Congress to present their papers which can be
considered as a contribution to the topics of the workshop in the Appendix of these proceedings.

We asked for manuscripts to be submitted and a majority of the speakers did this. The discussions were recorded
by a tape-recorder and a transcript was prepared, however with many difficulties because the quality of
registration was very bad. We apologize for the shortened text of the discussion and maybe some
misunderstanding which may not have been corrected.

The publication of the workshop was accompanied by a lot of obstacles and finally the publishing of the
proceedings could be realized with the help of the UHMS. We are very thankful for this obstetric assistance that
we owe specially to Dr. Lee Greenbaum.

The production was done by Nicole Balstisberger and Michéle Spahr from Biel using winword 6.0 and we thank
these two secretaries for the tremendous work and patience that lead to the finishing of the text. We also thank
Bill Hamilton volunteering for lecturing the main part of the texts.



Albert A. Biithlmann, 1923 - 1994

Professor A.A. Bithlmann died a little more than one year after the Round Table on Diving
Computer we organized during the Joint Meeting: XVIIIth Annual Meeting of the European
Undersea Baromedical Society (formerly European Undersea Biomedical Society - 3rd. Swiss

Symposium on Hyperbaric Medicine).
It is our sad privilege to dedicate this book to his memory.

Prof. A.A. Bithlmann was personally known to us. We admire of course all of its work which
will stay for many years an example for us, but furthermore, we remember the colleague,
always ready to help and to give an advice when we called him to discuss the treatment of a

diving accident.

We remember many long telephone debates on the advantage of using high pressure rather

than low pressure in the treatment of diving accidents.

Farewell Prof. Bithimann, we will miss you.
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Introduction

The 19" century divers and caisson workers did not use decompression tables but rather empirical rules that
promised a lesser percentage of caisson sickness during their industrial or naval activities. The basic concept that
enabled divers to perform dives of different duration and depths with a reasonably low incidence of decompres-
sion sickness was the table of Haldane published in 1907. His approach was very scientific and the general prin-
ciples are still valid for modern diving procedures. In the meantime many new tables were calculated by modi-
fied or completely differing algorithms which all tried to lower the incidence of decompression sickness under
particular circumstances.

One of the main disadvantages of all these tables is that they are created for rectangular dives, as they are nor-
mally done by professional divers and navy divers. The sports diving popularity that arose in the fifties and is
still growing in an exponential way led to the need of a real time calculation device that could be used to contro}
and simulate untypical dives, that is irregular dive-profiles like multi-level diving, yoyo-diving, variable interval-
diving and diving in variable altitudes. From 1983 on the Recreational Divers Community began to use the
newly generated dive computers first in Europe a few years later as well in the United States and now ten years
later the big majority of European divers use dive computers which seem to satisfy the needs of the recreational
diving procedures much better than the formarly used tables.

The diving medical experts however are still quite critical, first because the development of the portable devices
is going faster than any validation of the specific adapted tables, second because many are afraid of increasing
incidence of decompression sickness. This latter fear is not mainly based on criticism towards the algorithm of
the dive computers but rather based on the light-heartedness of its use and the newly arising diving habits of
recreational divers. We believe that the workshop will help to clarify some of the misunderstandings and that it
may help the dive computer industry to develop a new generation of dive computers which are better adapted to
the known risk factors which would enhance a safer way of diving,
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Validation of the U.S. Navy Real-Time
Probabilistic Air and N2-02 Decom-
pression Algorithm

E.D. Thalmann, CAPT (MC), USN1, S.S. Survanshi*, E.C. Parker*, and P.K. Weathersby, CAPT
(MSC), USNZ

THALMANN E.D., SURVANSHI S.S., PARKER E.C. WEATHERSBY P.K. VALIDATION OF THE U.S. NAVY REAL
TIME PROBABILISTIC AIR AND N; O; DECOMPRESSION ALGORITHM. DIVE COMPUTER WORKSHOP, BASEL
1992 (ED. WENDLING J./SCHMUTZ J.) P.9-14, ISBN 3-908229-06-5. - The basis of all real-time decompres-
sion computers is an algorithm which monitors the depth/time profile and uses that information to com-
pute a decompression schedule. The algorithm is a set of equations which is based on a decompression
medel. The decompression model in turn is a mathematical description of the events felt to be important
in avoiding decompression sickness. There are many approaches which have been used in developing
such models and a good review has been done by Wienke (1). No matter how well thought out, a decom-
pression model must be validated in order to be useful. Validation is the process whereby some measure
is made of how well a particular decompression model succeeds at computing "safe" decompression
tables or schedules. The definition of "safe" varies depending on the type of decompression model being
validated as will be discussed.

One of the unique features of the new USN probabilistic decompression model is the way in which it was
validated. The validation process and the type of decompression model being evaluated are closely re-
lated and understanding this relationship first requires understanding the different types of decompres-

sion models.

Deterministic vs Proba-
bilistic Models

For purposes of this discussion
decompression models will  be
placed in one of two categories,
deterministic or probabilistic. De-
terministic models compute decom-
pression tables such that certain pre-
defined criteria (so called ascent
criteria) are never exceeded (i.e., the
model is never violated). Determi-
nistic models have no way of deter-
mining how "safe" or "unsafe" pro-
files which do not follow its ascent
criteria are. Probabilistic decompres-
sion models, on the other hand, are
capable of computing a probability
(or nisk) of decompression sickness
for anv profile. Using a probabilistic
model one could not only compute a
set of decompression tables to a
specified level of risk but one could
also compute the risk level incurred
if one deviated from those tables. In
contrast to the deterministic model,
one can never "violate" a probabilis-
tic model. one can only be exposed
to different levels of risk.

In order to illustrate the difference
between the probabilistic and deter-
ministic approaches, one must first
consider how decompression models

are configured. All decompression
models have two basic parts as
shown in Fig. 1. The gas kinetics
portion is a time dependent function
which converts the depth/time pro-
file into an accumulated decom-
pression dose which is usually a
dissolved gas tension in a theoretical
tissue. In Fig. 1, this tissue gas
tension is a function of depth, time
and oxygen partial pressure but
other independent variables such as
inert gas species, water temperature,
or exercise level could be included.

The simplest and most widely used
gas kinetic function is a simple
exponential equation, which for a
step change in pressure has the form:

PTiss =P4 +(P[-Pgle-kt (1)

where PTigs is the tissue tension at
any time ¢ after the step change, Py is
the tissue tension before the step
change and Pp is the arterial gas
tension after the step change. The
parameter k& is the rate constant,
which determines how fast the gas
tension in the tissue changes in
response to a change in PA. The gas
kinetic portion of a decompression
model may be the same in both

deterministic or probabilistic
models. The difference between the
two approaches lies in the so-called
ascent criteria. In general, ascent
criteria are the constraints placed on
the values of variables determined
by the gas kinetics portion of the
model, which determine how the
specific decompression stop times
and depths must be distributed. For
example, if equation (1) is used to
compute inert gas tension, then one
type of ascent criteria might
constrain PTjgs to certain values
during ascent. The name ascent
criteria stems from the fact that DCS
never occurs during descent but only
as a result of ascent, that is, only
during or after decreases in ambient
pressure.

Deterministic ascent criteria usually
consist of a set of maximum depth
dependent limits on the values of
some critical variables. In the mode}
used to compute current U.S. Navy
Tables the gas kinetics portion was
similar to equation (1) and the criti-
cal variable was tissue tension,
PTiss. Tables were computed such
that at no time did any one of the
several tissue teosioms (each one
having a different exponential rate
constant) exceed its maximum depth
dependent limit. Ascent was only

Dive Computer Workshop 1992, Basel (Switzerland)
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allowed to the shallowest depth
where no tissue tension cxceeded its
maximum value. Once this depth
was achieved a decompression stop
was required of sufficient length to
allow all tissue tensions to decrease
such that none was greater than the
maximum value allowed at the next
shallower stop. This process was
repeated until the surface was
reached.

Probabilistic ascent criteria place a
constraint on the computed level of
risk for any decompression schedule.
That is, any decompression schedule
which does not exceed a certain
specified level of risk is acceptable.
Since there are many decompression
schedules which may meet this
criteria, other constraints such as
minimizing total decompression
time may also be applied. The de-
tails of how this risk is computed in
the U.S. Navy model will be dis-
cussed later but the important con-
cept to remember at this point is that
the probabilistic model will compute
an actual probability, or risk of DCS
occurring for any schedule, called
P(DCS). This ability to compute a
P(DCS) not only iufluences the way
in ‘which the model is validated but
can also provide a quantitative
measure of how well the model
succeeds in predicting P(DCS) for
actual dive profiles.

The Validation Process

In general validation can be done
retrospectively, —prospectively —or
using a combination of both. In one
method of retrospective validation
which has been used with determi-
nistic models one devises a decom-
pression model to "fit" a particular
set of reference decompression
tables. Once fitted then one might
presume that dives done according
to the model would be as safe as the
reference tables. In order to es-
tablish how safe the algorithm might
be information on the observed
incidence of DCS for the reference
tables in actual use would have to be
available. One concern is that one
may not be able to adjust the model
parameters (e.g., rate constants,
ascent criteria) so that all tables
computed by the model are exactly
the same as in the reference tables.
For deterministic models there is no
way of computing how unsafe the
non-exact tables are. Another con-
cern is that one could have no as-

surance that types of diving different
from those in the reference tables
would have equivalent safety. For
example an algorithm fit to a set of
"square dive" tables subsequently
used for multi-level dives presents
such a problem. While this valida-
tion method has been used, the
problems cited above make it the
least desirable method.

A better method of retrospective
validation is to gather a data base of
actual dive profiles along with in-
formation on whether or not DCS
occurred in any particular diver.
One source of this data would be
actual dive profiles used in man
testing an earlier set of decompres-
sion tables. If one has constructed a
deterministic decompression model
one would attempt to "fit" the model
to the profiles in the data base in
some way. However, unless there
are large groups of identical profiles
in the data base (so called replicated
profiles) which can be used to esti-
mate the actual risk of DCS inde-
pendent of the model there is no way
to objectively measure how safe the
mode] is. In contrast there is a
formal method of fitting a pro-
babilistic model to a data base and
obtaining an objective measure of
how good the fit is (as will be dis-
cussed later) even in the absence of
large numbers of replicated profiles.

Prospective validation consists of
using the model to compute decom-
pression profiles and seeing what the
actual incidence of decompression
sickness is when they are actually
used. Deterministic models will
require large numbers of replicated
profiles in order to measure how
well it performs while the per-
formance of a probabilistic model
can be measured even if there are no
large groups of replicated profiles.

Deterministic Decom-

pression Models

As discussed earlier deterministic
decompression models are either
followed or are not followed. Pro-
files in a data base either do not
violate the models ascent criteria (in
which case they are safe) or do
violate it (in which case they are
unsafe). Once a model is developed
the first step is usually to determine
an initial set of parameter values by
fitting it to either profiles from a
data base of dives or to a set of

proven reference  decompression
tables. These initial parameter values
are then modified as pecessary
during prospective validation. The
only way to measure the safety of a
deterministic model is to inde-
pendently determine the actual
incidence of DCS profile by profile.
Since deterministic models them-
selves have no way of computing
sk, each dive profile must be
treated as a independent event and
information from one profile cannot
be used to determine the risk of
another.

Even though deterministic models
can only distinguish between safe
and unsafe profiles, validation must
still take into account the fact that
any dive profile has a finite risk or
probability of DCS occurring. Any
specific occurrence of symptoms
will be random because of inter- and
intra-individual variation. When a
large group of divers is exposed to
exactly the same profile DCS may
develop in some but not all. Also if
the same diver is exposed to the
same profile many times DCS may
occur on some but not all of the
exposures.  Predicting the occur-
rence of symptoms independent of a
decompression model for a random
process such as this which has a
finite probability of producing
symptoms is done using the bino-
mial distribution which is found in
all standard statistical texts. Simply
put this distribution allows one to
compute how many symptoms are
likely to occur in a small number of
dives (say 40) when the true inci-
dence is a specified value. If a
profile produces 500 cases of DCS
in 10,000 exposures one can Ssay
with confidence that the true inci-
dence is 5%. However, if this same
profile with a true incidence of 5% is
used on only 40 exposures, one
could expect the observed number of
symptoms to be anywhere between
zero and 5 for 95% of the time.
Conversely, if one dives a profile 40
times and 2 symptoms occur (a raw
incidence of 5%), then the best one
can do is say that the true incidence
(95% of the time) is somewhere
between the confidence bounds of
0.61% and 16.16%. In order to
independently estimate the risk of
DCS for a specific decompression
profile to within a reasonable set of
confidence limits, a large number of
identical (or replicated) exposures
are required. Keeping the raw inci-
dence at 5%, five symptoms in 100
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exposures narrows the confidence
limits for the true incidence to be-
tween 1.6% and 11.3% and 50 out of
1000 narrows it to between 3.7%
and 6.5%

Obtaining sufficient numbers of
replicated dives to obtain a good
statistical measure of the incidence
of DCS (i.e., safety) using determi-
nistic models is usually not possible
because of time and money
constraints. This has led to
measures of safety being made based
on judgement and past experience
and although highly subjective this
method has produced useful decom-
pression tables (2-9). Some of the
more modern efforts using determi-
nistic models have made attempts at
estimating the overall risk of de-
compression sickness (5-7.17) but
still cannot quantitate changes in risk
when computed profiles are not
followed. This latter point means
that data bases containing dives
which were not computed by the
model under consideration cannot be
used to determine the safety of the
model.

Probabilistic Decompres-
sion Models

Since probabilistic decompression
models compute a probability of
DCS occurrence for any profile they
are not constrained to the inde-
pendent profile by profile validation
approach of deterministic models.
Formal methods have been de-
scribed whereby the parameter
values for a probabilistic model can
be determined by 'calibrating' the
model to a data base and once cali-
brated it can be determined just how
accurately the model can predict the
risk of DCS occurrence (10,11). The
real advantage to probabilistic
models is that the data base does not
have to contain replicated profiles
nor do the profiles have to be from
the model wunder consideration.
Profiles from any source can be used
so long as thev are known with
sufficient accuracy and the outcome
(DCS or no DCS) is known for each
exposure. The U.S. Navy has been
developing  probabilistic  models
since 1980 (10-15) and is about to
produce a real-time algorithm and a
new set of nitrogen-oxygen mixed
gas decompression tables using this
approach.

The basis of the probabilistic ap-

THALMANN E.D.: VALIDATION OF THE U.S. NAvY REAL-TIME...

proach to decompression modeling
is the risk or hazard function. The
risk function describes the instanta-
neous rate of symptom occurrence in
survivors at a specific time. The
derivation of these risk functions and
their relationship to the probability
of DCS occurring are well described
in texts on Failure Time Analysis
(18) and Survival Models (19). This
risk function is related to the prob-
ability of a DCS symptom occurring
[P(DCS)] in a specific time interval
Ty, T2 in those who have had no
symptoms up to time T} by the
equation:
72
— | rdr
P(DCSy=(1-e 71 ) @)

where 1 is the risk function. Equation
(2) describes what is called the
conditional probability of symptom
occurrence, that is, the probability of
symptom occurrence during the time
interval T3, T, conditional upon
having had no symptom before the
beginning of the interval.  The
probability of a symptom not occur-
ring in an earlier time interval T,
Ti,1s
7t
~ | rdr

P(No DCS)=e 70 3)

and the probability of symptoms
occurring only in the time interval
T], Tp in anyone (the interval
probability) is the product of equa-
tions (2) and (3)

1 72

-—j.nﬁ -j.rdl
PIDCS T, Ty)=(e ™ Yl-e ™ )
@

The risk function 7 will have several
unknown parameters whose values
must be determined. This is done by
initially postulating parameter values
and seeing how well the risk func-
tion describes the actual observed
outcomes (i.e., DCS or no DCS) for
each profile in a data set. Parameter
values are systematically varied
from these initial values until the set
that best describes the observed
outcomes is found.

One determines how well the out-
comes in a particular data set are
described by a risk function using a
specific set of parameter values
using the method of maximum
likelihood. If a particular profile did
not produce a case of DCS the like-

lihood of that outcome, lj, 1s set
equal to PWo DCS) as given by
equation (3). If a symptom did occur
the likelihood for that profile is
given by the probability of DCS
occurring as calculated using equa-
tion (4). For each and everv single
exposure in the data base the nisk
function is used to compute the
likelihood of the observed outcome
using equations (3) or (4). The
likelihood of all observed outcomes
occurring is the product of the indi-
vidual likelthood's:

L=1,.1> Ly )

where N is the total number of indi-
vidual exposures. Since Ly 1s the
product of many numbers less than
1.0 the value of the log likelihood
(L.L) is more convenient.

LL=I(L) (6)

The log likelihood value is always
negative and in and of itself has no
meaning. However, changes in the
value of log likelihood can sav
something about the relative per-
formance of a particular model when
the parameter values change. Al-
though we haven't yet explicitly
defined the form of the risk function
it will have several parameters
which can take on any value. If one
computes a value of log likelihood
for two sets of parameter values then
the set which produces the largest
value (1.e., the smallest negative
number) for LL is a better descrip-
tion of the data. In fact, once a risk
function has been postulated, com-
puter algorithms have been de-
veloped which allow one to svs-
tematically vary parameter values
such that the set which produces the
maximum likelihood is found. This
then is declared as the parameter set
which best describes the data set.
Besides parameter values these
techniques also compute the esti-
mated precision for each parameter
value.

So far we have just described a
method for determining the optimal
parameter values for a particular risk
function without saying exactly what
that risk function is. In fact the
method of maximum likelihood is
Jjust a fitting procedure and will not
produce a risk function. It will only
optimize the parameters of a postu-
lated risk function. There are no
particular rules on defining a risk

Dive Computer Workshop 1992, Basel (Switzerland)
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function as long as certain criteria
are met:

- it must be a function of time

1

it must always be > 0

it must have a finite or zero inte-
gral value over all time intervals

*

- it must have a non-zero value over
cach time interval in which a
symptom occurred (vou can't have
a failure if the risk is 0).

One may use an empirical function
or a set of equations that describes
some physical process (such as
bubble growth) as a risk function. In
developing the U.S. Navy algorithm
described here, four types of risk
functions were examined, based on
two types of gas kinetics as shown
in Fig. 2 (11). The EE kinetics use
an exponential function similar to
equation (1) to compute PTiss
during both uptake and elimination,
this is symmetrical kinetics. The LE
kinetics use an exponential function
to describe gas uptake, but during
off-gassing the rate of elimination
becomes linear so long as a certain
pressure above ambient [linear-
exponential crossover point (Pyo)] is
exceeded. That is:

Prriss = P:iss0 + k(C'Poz‘Pxo) t 9

where C is a fixed constant, Pop is
the arterial oxygen partial pressure, &
the exponential rate constant used
for tissue uptake and PxQ the
linear-exponential crossover pres-
sure. These asymmetric kinetics are
based on the decompression model
used to compute the U.S. Navy
constant 0.7 ATA Pg) in Ny tables
B

The equations describing these two
forms of gas kinetics allow a tissue
tension (PTjgs) to be computed at
any time during a dive. The risk
function was computed from P
in two ways. The first was simply to
relate the risk function to the super-
saturation ratio:

Pric —(Ponp + Tht
- AL
)

where P is the ambient pressure,
Thr is a threshold pressure and the
subscript 7 denotes values specific to

the ith compartment. The value of r
was never allowed to go negative by
keeping it at zero until such time as
PTiss > (Pamb *+ Thr). In this im-
plementation a single integration is
all that is needed to compute the
exponent when computing likeli-
hood using equations (3) or (4). so
this was called risk function 1. In the
second implementation it was as-
sumed that the supersaturation ratio
described the rate of change of risk
so the risk function was:

, _J‘ PTiss, ~ (P + Thry)
;=

dr 9)
Pamb

Since two integrations are mnvolved
in computing the exponents, this is
risk function 2. Figure 3 shows what
these two types of risk functions
would look like for a step change in
pressure. Risk function | is maximal
at the step change and decreases
monotonically. This type of risk
function would best describe a
symptom incidence distribution
which reached a maximum very
shortly after surfacing and which
steadily decreased with time. Rusk
function 2 is zero just at the step
change, rises to a maximum some-
time later, then decreases. This
would fit a symptom distribution
which was initially low, rose to a
peak then decreased. The two types
of kinetics and risk functions result
in 4 possible models (Fig. 4). Each
model consisted of three com-
partments each with up to four pa-
rameters; a scaling factor, an expo-
nential rate constant, a threshold,
and a value for Pxo (LE1 and LE2
models only). The risk for each
compartment was computed ac-
cording to equation (8) or equation
(9). These individual compartment
risks were used to compute the
overall risk, r, used in equations (3)
and (4) by the relationship:

I'=A1'1'1+A2.r2+A3'f3 (10)

Where Af, Ay, and A3 are the
scaling factors, which determine
how much each individual com-
partment risk contributes to the
overall risk. The values for the 12
parameters were initially unspecified
and were determined by fitting the
nisk function to a data set.

Parameter Calibration
and Model Selection

Having constructed these 4 risk
functions it was now a matter of
determining which one did the best
job of describing real decompression
data.

A data base consisting of well over
2300 well documented dives was
assembled (Table 1). The details of
the dives in this data base have been
published (16). The decompression
model was formulated to computc a
value for the probability of DCS
occurrence  (P(DCS)) given the
particulars of the profile as shown in
Fig. 5. The method of maximim
likelihood was used to compute the
optimal parameter values for each of
the 4 proposed models as described
carlier (i.c., calibrate each model).
The details of the models and of the
parameter estimation are described
in detail elsewhere (11).

The best fit parameters for the LEI
model produced the greatest maxi-
mum likelihood of the 4 models
examined, thus establishing this as
the best of the four models. Table 2
shows how well the LE1 model
predicted the overall incidence for
various types of dives. Single and
repetitive air and saturation dives
categories are self explanatory. The
Non-air category consists of dives
breathing an N2O2 mix.

In Table 3 the dives in the data base
were categorized by risk level.
While the observed cases of DCS do
not agree exactly with the predicted
number, they are all within the
statistical confidence limits of the
modeling procedure. Not all of the
dives in the data base had time of
DCS information but the fit of the
model to those that did are shown in
Table 4.

This parameter estimation can be
considered a retrospective validation
process. However, there were some
types of diving where the model
would be used which were not well
covered in the data base. This meant
further validation was required.

Prospective Validation

A prospective study was done in
order to verify the models ability to
predict DCS occurrence (20) in areas
not well represented in the data base.
In order to do this the model was
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reformulated to compuie a decom-
pression profile from a given
depth/time profile (Fig. 6) to a speci-
fied level of P/DCS). This model
was then run in real-time by con-
stantly monitoring diver depth and
displaying decompression informa-
tion on a video terminal.

In actual fact, the real-time imple-
mentation used the specified target
P(DCS) as the risk of DCS occurring
at anv time in the future after com-
pleting decompression. That is at
approximately 5 second intervals,
the model computed a decompres-
sion schedule such that when equa-
tion (2) was integrated from; Ty =
now to Tp = 24 hows after sur-
facing, the value for P(DCS) was
less than or equal to the target
amount. What this means 1s that if
the decompression profile is fol-
lowed to the surface, the risk of DCS
occurring from the time one reaches
the surface unti]l the time at which
the risk function decays to a value of
zero is equal to or less than the
specified target value.

All dives were done in cold water
with divers exercising at a moderate
rate while at depth and resting
during decompression. The results
of this dive trial are shown in Table
5. Multilevel dives (multilevel Air,
ML dives) were long dives (6-12
hrs) with most time spent 30 fsw or
shallower and multiple short deeper
excursion. The repetitive air dives
were generally 24 dives with inter-
vening surface intervals done during
the same day. In general, the model
did a good job of predicting both
DCS occurrence and times of high
and low risk.

Upon completion of the prospective
study the model was finalized by
mncorporating all validation dives
mto the data base and recomputing
the model parameters. The LE
model with the finalized parameter
values will be used to compute new
arr and NoO, decompression tables
which will allow repetitive diving
with either gas, or switching gases
on successive dives. Also, it will be
programmed into a diver carried
decompression computer for use in
real-time.

Advantages of the USN
Approach

The new USN probabilistic decom-
pression model differs fundamen-
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tally from other models in that the
risk manager or end-user can deter-
mine the risk level of the decom-
pression profiles. While the U.S.
Navy will decide for itself what
levels it wants to use for its divers,
this in no way constrains others who
wish to use the algorithm to use the
same levels. If used by sport divers
one may well want to use lower risk
levels. However one chooses to use
the algorithm its pedigree is clear.
That is, the connection between the
model and the data used to validate
it is firm and one can apply it to any
data set now or in the future to sec
how well it predicts observed out-
come. Finally, when a sufficient
amount of additional data becomes
available, there is a clear and objec-
tive methodology for updating the
model to take this new data into
account.

Navy Disclaimer: The opinions and
assertions contained here in are the
private ones of the authors and are
not to be construed as official or
reflecting the views of the naval
service at large.
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Development of Decompression Compu-
ters and Tables at DCIEM

R.Y. Nishi'

NisHI R.Y. DEVELOPMENT OF DECOMPRESSION COMPUTERS AND TABLES AT DCIEM. DIVE COMPUTER
WORKSHOP, BASEL 1992 (ED. WENDLING J./SCHMUTZ J.) P. 15-18 ISBN 3-908229-06-5. - The DCIEM
decompression research program had its origins in the pioneering work of Kidd and Stubbs in develop-
ing decompression computers for non-traditional types of diving. The extensive data base of dives done
by Kidd and Stubbs and the considerable experience acquired at DCIEM with this model for experi-
mental diving, has been instrumental in the development of new air diving tables and mixed gas helium-
oxygen diving tables. Decompression computers and Doppler ultrasonic monitoring of decompression
generated bubbles have been essential elements in the development of these new tables.

Introduction

The Defence and Civil Institute of
Environmental Medicine (DCIEM)
has been involved in decompression
rescarch for thirty years. In recent
vears, however, DCIEM has become
better known for the development of
new air diving tables, including a
simplified version issued in 1987 as
the DCIEM Sport Diving Tables (3).
The full set of air diving tables that
was completed in 1985 for the Cana-
dian Forces has been recently issued
in a commercially-available publica-
tion (1). DCIEM's decompression re-
search effort has covered not only ta-
ble development but also consider-
able decompression modelling and
dive computer development (8, 11).
The research effort can be divided
roughly into three main thrusts: de-
velopment of ppeumatic analogue
decompression computers; devel-
opment of digital, microproces-
sor-based dive computers; and de-
velopment of decompression tables
using dive computers. To support
the evaluation of dive computers and
the development of dive tables,
DCIEM has also carried out consid-
erable research into the use of Dop-
pler ultrasonic bubble detection for
monitoring divers and validating dive
profiles.

Development of poeu-
matic analogue decom-
pression computers
(1962-73)

The DCIEM decompression research
program was started in 1962 by a
Royal Canadian Navy surgeon, D.J.
Kidd, and a Royal Canadian Air
Force scientist, R.A. Stubbs, who
recognized that the future of deep
diving and submarine techniques was
limited by the difficulty in using tra-
ditional tabular methods of decom-
pression with fixed depth and bottom
times for complicated, random depth
dive profiles, repetitive diving, and
wide variations in gas mixtures (4,
5). Kidd and Stubbs set out to de-
velop some form of analogue com-
puter sensing the diver's actual
depth-time history that would con-
tinuously provide the decompression
status based on the actual exposure.
After investigating various forms of
analogue computers using pneumatic,
hydraulic and electrical signals, they
selected pneumatic analogues since
they were small, simple, rugged and
required no external energy source
other than that provided by the in-
spired gas.

Initial models investigated were
based on the traditional Haldanian
concept using four parallel compart-
ments. Some 21 different models
and configurations were built and ex-
amined and over 16,000 man hours
of diving were conducted. Single ex-
posure dives and repetitive exposures
were tested, involving random depth
dives as well as dives to a fixed depth
for a fixed bottom time. Multiple

dives were carried out to investigate
the validity of a "bends" threshold by
ascending from each dive deliberately
shallower than the "Safe Ascent
Depth (SAD)" calculated bv the
computer to provoke decompression
sickness (DCS).

The final model developed by Kidd
and Stubbs contained four compart-
ments in a series arrangement. By
August 1967, approximately 4000
single and repetitive exposures had
been completed on this final series
model at depths from 9 metres of
seawater (msw) to 75 msw and dura-
tions from 15 minutes to 4 hours
with a bends incidence of only 0.6%,
much lower than the other configura-
tions tested. This version of the com-
puter, available as a diver-carried
portable computer and in a larger
version with a chart recorder for sur-
face-supported diving or for hyper-
baric chamber monitoring, was used
extensively for experimental diving,
primarily phy-siological and psy-
chological tes-ting at depths as deep
as 90 msw. In almost all cases, the
decompression was conducted as a
continuous ascent following as
closely as possible the predicted
SAD instead of using the traditional
"staged-decompression” method. In
1971, the mathematical model gov-
ermng the operation of the dive com-
puter was modified by Stubbs to
make diving in the 60-90 msw range
safer.

Multi-compartment pneumatic me-
chanical analogue dive computers
were complex and delicate instru-
ments. Although they had an advan-
tage in that no external source of
power was required other than that
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provided by the mspired gas pres-
sure, they had a major disadvantage
because of the frequent maintenance
and re-calibrations that were re-
quired. These were a result of the
complex mechanical linkages re-
quired to momnitor and select the
greatest pressure in the compart-
ments for calculating the SAD, and
the need to ensure that the time con-
stants of the pneumatic analogue
compartments remained within speci-
fications.

The small diver-portable version of
the pneumatic analogue decompres-
sion computer was also licensed to a
manufacturer for commercial pro-
duction. However, only a few units
were produced and sold because of
high manufacturing costs and be-
cause the anticipated market demand
did not materialize. Even within the
Canadian Forces, the requirement
had shifted to surface-supported
diving and it was felt that there was
no longer a requrement for a
self-contained diver-carried unit. At
DCIEM., the emphasis shifted to the
larger units for surface-supplied
diving or hyperbaric chamber opera-
tions. In the early 1970's, mechanical
linkages and Bourdon tubes for
measuring pressure were replaced
with pressure transducers and elec-
tronic circwitry to produce a series of
pneumatic-electronic hybrnid  com-
puters.

Development of digital
microprocessor - cont-
rolled dive computers
(1974-1986)

In the early 1970's, microprocessors
became available and DCIEM scien-
tists saw the potential for designing
all-electronic, digital decompression
computers to replace the pneumatic
analogue computers. DCIEM em-
barked on a program of development
with CTF Systems, Inc, a
high-technology company experi-
enced in electronic development.

The first computer was the XDC-1,
completed in 1975. This was a
desk-top dive calculator, pro-
grammed with the Kidd-Stubbs 1971
algorithm. It could be used for dive
planning or dive analysis, with all in-
formation being entered from a key-

board. In addition, there was a
real-time dive monitoring mode in
which dive information could be en-
tered from the kevboard or automati-
cally from a pressure transducer.

A second model, the XDC-2 series,
was completed in 1976, and was de-
signed for real-time dive monitoring
for hyperbaric chamber use or sur-
face-supported diving. It had large
digital displays showing elapsed
time, actual depth, computed SAD,
and rate of dive. It was designed to
be "diver-proof'. The only compo-
nent requiring calibration was the
pressure transducer to momitor the
diver's depth or chamber pressure.

A third model, completed in 1978,
was the XDC-3 diver-carried com-
puter. The problem with this com-
puter was that low power compo-
nents were not available or if avail-
able, were too expensive. It was
power hungry and four S-volt bat-
teries only lasted a few hours.
Miniature pressure transducers were
costly and not readily available. CTF
Systems had to design its own trans-
ducers. The XDC-3 was taken only
to the prototype stage.

The XDC-3 did have a commercial
spin-off. Kybertec International was
formed by two of the principals of
CTF Systems to market a
diver-carried computer. This com-
puter, named the Cyberdiver, came
on the market in 1978 and 1979.
The first version was based on the
US Navy Tables, consisting pri-
marily of look-up tables which were
entered from the maximum depth and
bottom time. The second was a true
real-time dive computer, - pro-
grammed with the Kidd-Stubbs 1971
model and continuously calculating
the diver's SAD based on the actual
time-depth exposure.  About 700
units were sold of both versions be-
fore production was terminated in the
early 1980's. The company was
ahead of its time; technology had not
quite caught up to what they wanted
to do at an affordable price. Although
the computer had many mnovative
features, lack of adequate funding
prevented the company from cor-
recting problems such as wa-
ter-leakage into the case and making
further improvements to the product.

The XDC-2 replaced both the pneu-
matic analogue decompression com-

puters and the hvbrid pneu-
matic-electronic analogue computers
for hyperbaric chamber monitoring at
DCIEM. Because of its digital dis-
plavs, it allowed the chamber opera-
tor to follow the SAD exactly as cal-
culated by the decompression al-
gorithm. It allowed, for the first time,
a means of accurately following the
Kidd-Stubbs model. A study, in
1979, using Doppler ultrasonic bub-
ble detection, identified ranges where
the risk of DCS was low, moderate,
and high and thus defined the opera-
tional limits of the Kidd-Stubbs
model (12). In 1982, the XDC-2 was
used to determine how oxygen de-
compression could be used in the
computer model and whether surface
decompression dives could be carried
out by following the computer.

In 1986, the XDC-2's were replaced
with an IBM-compatible personal
computer-based data acquisition sys-
tem that was programmed with the
decompression algorithm. This pro-
vided the equivalent of three
XDC-2's in parallel for monitoring
three divers or profiles independ-
ently. Unlike the XDC-2 in which the
algorithm was coded in Read Only
Memory, the PC provided much
greater flexibility since higher level
languages could be used and the de-
compression program could be re-
programmed easily, for example, to
add a helium component to the algo-
rithm.

develop-
validation

Table design,
ment  and
(1983-1992)

The normal use of decompression
computers is to allow divers to de-
compress safely on an optimum de-
compression profile based on the
actual depth-time exposure rather
than on a printed set of tables. Since
decompression  computers  allow
complicated dive profiles to be used,
they can be used for example, during
psychological or physiological test-
ing of subjects at different depths or
with different gases. When the sub-
ject is breathing one gas mixture and
the researcher breathing another,
both individuals can be monitored
independently and safely decom-
pressed by following the deepest
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SAD. With the pneumatic analogue
decompression computers, a large
number of dives were done routinely
to depths as great as 90 msw on air
or helium-oxygen and in some cases,
where subjects alternated between
helium-oxygen and air. Dives using
argon-oxyvgen as a breathing gas
were also conducted successfully.

One of the main uses for decompre-
ssion computers within the last ten
vears at DCIEM has been the investi-
gation of decompression models and
the development of new "traditional"
decompression tables. In developing
decompression tables, it is essential
that the underlying decompression
model or algorithm be validated.
This can only be done by the use of a
real-time  on-line  decompression
computer programmed with the algo-
rithm to rmonitor the actual
time-depth profile and calculate con-
tinuously the decompression status of
the dive subjects. Thus the computer
will take into account any variation in
depth or delays in achieving the bot-
tom depth, for example, if divers
have problems clearing their ears,
and adjust the decompression ac-
cordingly. During decompression,
the testing procedure would be to use
the calculated SAD (Safe Ascent
Depth) to dictate when ascent to the
next shallower stop depth can take
place. Trying to validate a decom-
pression model by following a
printed set of tables is impossible
unless the dives can be done exactly
as the ideal profiles that were used to
generate the printed tables. With an
on-line decompression computer, it is
not necessary to discard or abort dive
profiles because the ideal profiles
were not attained.  If the dives as
done by computer are safe, then the
printed tables generated from the
model should also be safe. Tables are
generally more conservative since
stop times are generally rounded up
to the next whole minute, thus re-
sulting in slightlv longer total de-
compression times than real-time
computer-generated profiles.  This
will be particularly true with repeti-
tive dives, since repetitive dive tables
are designed for the worst case in
each depth, bottom time and surface
interval groupings.

In 1983, it was decided to develop a
new set of air decompression tables
for use in the Canadian Forces (CF).
Previously, the CF had been using

NisHI R.Y.: DEVELOPMENT OF DECOMPRESSION COMPUTERS. ..

the US Navy Standard Air Tables.
Because of the wealth of experience
existing on the Kidd-Stubbs model
(almost all dives done since 1964 at
DCIEM are recorded with accurate
time-depth information in a computer
data bank), it was decided to improve
on the safety of the Kidd-Stubbs
model than to develop an entirely
new mode] and tables. Thus it was
possible to issue a well-tested set of
tables in only two years (6).

Tables for standard air decompres-
sion, in-water oxygen decompress-
ion, and surface decompression with
oxygen were developed and tested
using the XDC-2 decompression
monitors. For normal diving, these
tables are restricted to 54 msw, and
for exceptional exposures, to 72
msw. For most experimental dives
during the wvalidation testing,
wet-working divers in 5-10 degrees C
water and dry resting divers were
used as subjects. Doppler ultrasonic
monitoring for decompres-
sion-generated bubbles was con-
ducted on each dive subject after the
dives to determine the decompression
stress of the dive profiles tested.
Bubbles were classified according to
the Kisman-Masurel Code developed
by Kisman, a DCIEM scientist, and
Masurel from the Centre d'Etude et
de Recherches Techniques
Sous-Marines in Toulon, France (9).

Repetitive diving tables were also de-
signed and tested with all three
modes of diving. Corrections for
diving at altitude were computed but
not tested. These tables were adopted
by the Canadian Forces in 1986. The
standard air decompression table and
repetitive  dive tables were also
adapted for recreational diving and a
plastic card version was released in
1987.

From 1986 to 1991, table testing
continued with the development of
mixed gas decompression tables us-
ing 84% helium/16% oxygen for
diving to a maximum depth of 100
msw. Decompression was conducted
on air from the first stop to a 9 msw
oxygen stop. For these tables, the air
decompression algorithm was modi-
fied to include a helium component in
addition to the nmitrogen component.
An IBM-compatible PC-based data
acquisition system with this algo-
rithm was used to control the decom-
pression. Tables developed included

in-water oxvgen decompression, sur-
face decompression with oxygen. and
emergency air decompression tables
(2. 7. 10). These tables were adopted
for use by the Canadian Forces in
1991.

Current research is concerned with
adapting the helium-oxvgen decom-
pression algorithm to compute de-
compression using a constant partial
pressure of oxvgen rather than a con-
stant fraction of oxvgen. These ta-
bles are intended for use with a
semi-closed circuit breathing appara-
tus for mine-countermeasures. Asso-
ciated with this program is a parallel
project to develop a probabilistic
model for helium-oxygen diving
based on the principle of maximum
likelihood. This work is being car-
ried out in a joint program with the
US Navy.
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Decompression-Computers

in Scuba-Diving

AA. Bihimann'

The decompression-computer has
changed scuba-diving to a great ex-
tent. On the one hand diving has be-
come more comfortable and mistakes
in reading decompression-tables are
no longer possible. On the other hand
the diver mav become less attentive
under water, relying only on his elec-
tronic guide.

Apart from the reliability of the
hardware, it is the software which is
mainly responsible for the quality of
a decompression-computer. Aspects
such as universality, the amount of
information used or presented, safety
margins and many more are defined
by the software.

The model applied by the software of
the decompression-computer should
meet certain requirements. Jn the first
place of course it must have success-
fully passed extensive test in ade-
quate numbers and quality, both in
chamber-dives and in the practice.
Real dives at high altitude are among
the most important tests. There, the
divers sensitivity during decompres-
sion at a given depth is much higher
than at sea-level.

In order to guarantee accurate func-
tioning of the computer in any situ-
ation, the model must be as universal
as possible. This concerns, in par-
ticular, its application to reduced at-
mospheric pressure as when diving in
mountain-lakes or when flving after
diving. An advanced decompression
model must also be continuously al-

'L aubholzstrasse 78, CH-8703 Erlenbach

tered in the light of new research
data. The model must therefore be as
transparent as possible, since only
this allows for a quick and safe adap-
tation to new findings.

A basic model is a multi-tissue model
using 16 half-value times for nitro-
gen from 5 up to 635 minutes (ZH-
86). In our opinion, a range of at
least 6 tissues is good enough to al-
low for sufficiently precise calcula-
tion” for recreational divers (E.
Vollm).

A decompression-computer makes
use of a multi-level calculation pro-
cedure. Consequently. the decom-
pression follows the pressure profiles
very closely and the decompression-
time of a multi-level dive will usually
be reduced compared to the decom-
pression-time as calculated by a ta-
ble. The tissue-saturation calculated
by the dive-computer follows very
closely the actual course of the satu-
ration, much more than a table can
do. The safety-margin for the decom-
pression is extended by adjusting the
tissue-coefficients. This means that
for a rectangular dive-profile, the
safe ascent-depth is actually deeper,
and therefore safer, compared with
the table.

Statistics such as, for example, from
the Diving Alert Network and the
British Sub-Aqua Club confirm a
higher risk of decompression-disease
for repetitive dives. Micro-bubbles in
the venous blood obstructing a part

of the lung-capillaries produce a
ventilation-perfusion trouble, a right-
Jeft shunt well known in the lung-
physiology. The arterial nitrogen-
pressure 1s for few hours distinctly
higher than the nitrogen-pressure in
the mspired air. Therefore the nitro-
gen-elimination by respiration is re-
tarded. Todav 1t is possible to intro-
duce algorithms in the basic model
for this slowed-down desaturation.
For repetitive dives, particularly
those with surface-intervals between
30 and 120 minutes, there is a pro-
longation of the decompression-time
and a reduction of the no-decompres-
sion limit.

In the future, we should be able to
simulate the effects of micro-bubble
production during ascent even better.
There are differences related to the
profile of the previous dive, differ-
ences between a normal ascent and a
fast ascent and Yo-Yo-dives. Diving
in very cold water and diving with
heavy work at bottom need a longer
decompression-time than diving in
warm water and performing light
work. I anticipate the new generation
of decompression-computers for scu-
ba-divers in 1993.
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Evaluating Decompression Procedures

A. O. Brubakk'

BRUBAKK A.O. EVALUATING DECOMPRESSION PROCEDURES. DIVE COMPUTER WORKSHOP, BASEL 1992
(ED. WENDLING J./ SCHMUTZ J.) P. 20-21, ISBN 3-908229-06-5. - Decompression will lead to gas bubble
formation in the cardiovascular system to a certain degree in all individuals. The degree of gas bubble
formation as well as decompression sickness is not only dependent upon the degree of supersaturation,
but on many physiological factors. Changes can occur in several organs, mest notably in the central
nervous system in the absence of clinical signs of decompression sickness. It is argued that the degree of
vascular bubble formation should be used to evaluate decompression procedures.

Introduction

"Decompression is nor safe if the
pressure of nitrogen inside the body
become more than rwice that of the
atmospheric nitrogen”, Boyvcott et al
1908 (1).

The question about what constitutes
a safe decompression is central to
how decompression tables must be
tested. The statement made above
was based upon theoretical analysis
of the problem and much experi-
mental work and represented a mile-
stone in decompression table de-
velopment. There is, however,
probably few who will argue today
that a supersaturation of this magni-
tude 1s safe, in the sense that it will
have no effect upon the body.

Most, if not all, practical decompres-
sions will lead to some degree of gas
bubble formation in the organism.
The exact threshold for this bubble
formation 1s not known, but it is
probably in the range of 50 - 70 kPa
in the tissue (2) and even lower in the
vascular svstem. Eckenhoff et al (3)
demonstrated that saturation at 3.7
msw on air was sufficient to produce
bubbles and Norfleet et al (4) showed
that 400 minutes at 6.1 msw pro-
duced bubbles m 25% of the indi-
viduals tested. The conclusion from
these studies must be that gas
bubbles will form in the vascular
svstem at any supersafuration and
that the concept of a minimum toler-
able limit of supersaturation only
relates to clinical symptoms and not
to bubble formation.. Adding to this
problem is the fact that it has been
demonstrated repeatedly that a large
inter-and intra-individual difference
in bubble forming "ability" exist.
Factors like sex, age, body build, cir-

culation, temperature, blood com-
position and degree of exercise seem
to plav a role (3,6). Cavitation n
Joints, for example, have been dem-
onstrated without any supersaturation
following  violent = movements.
Furthermore, there are data indicating
that there is a large difference is
susceptibility to decompression sick-
ness not related to the amount of
vascular gas bubbles observed (7)

Use of decompression
sickness as an endpoint

The use of decompression sickmess
as an endpoint for the safety of pro-
cedures is based on the assumption
that procedures that give no symp-
toms of decompression sickness will
have no effects upon the health of the
individual. Furthermore it is assumed
that if mild decompression sickness
can be prevented, then more serious
changes will not be found. There is
no argument about the fact that pro-
cedures that have a considerable n-
cidence of decompression - sickness
can represent a health hazard. How-
ever, modern decompression proce-
dures have a low incidence of clinical
decompression sickness, probably in
the range of 0.3 to 1%. This makes
these procedures very difficult to test
as a very large number of dives will
have to be performed in order to have
meaningful statistics about the risk.

A large percentage of commercial di-
vers have suffered decompression
sickness in spite of careful use of ac-
cepted procedures. In a survey per-
formed in a Norwegian diving com-
pany, we showed that 19 out of 40
divers (48%) who answered our
questions (65% of the divers asked),
had suffered Type I DCS (8).
Todnem et al (9) have shown that

changes in the central nervous system
is positively correlated with climcal
signs related to decompression and
decompression sickness In saturation
divers. In a recent survey of
Norwegian air divers, we found that
3% of the sport divers and 13% of
the commercial divers had been
treated for DCS. However, 59% of
the commercial divers had experi-
enced clinical svmptoms related to
decompression that was not treated.
Both treated DCS and untreated
svmptoms were positively correlated
to symptoms from the central
nervous system, and to reductions in
lung function (Brubakk et al, Un-
published).

One of the more extensive studies of
the relationship between diving and
injury to the CNS was performed by
Rozshahegvi on caisson workers
(10). His data indicate that there is a
positive relationship between the in-
cidence of decompression sickness
and the degree of abnormal neuro-
logical findings both clinically and in
the EEG. This relationship seems to
exist even for workers who only suf-
fered from Tvpe I DCS.

There are, however, other studies that
show that even very unsafe diving
does not lead to detectable changes in
the central nervous system (11), indi-
cating that the relationship between
diving and possible effects is not
simple. This is mecidentally the same
observation that can be made in pa-
tients with minimal head trauma,
where it is not possible to establish a
simple dose-response relationship
12).

There is often a lack of correlation
between neuropathological findings
and clinical signs. Clinical signs may
vary over time and the disappearance
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of clinical signs does not mean that
the pathology has disappeared. New
connections. that is new neural cir-
cuits/pathways may develop over
time. disappearance of perifocal
edema, remodeling of the axon mem-
brane, and eventually remyelination
are some of the means and ways the
CNS have to diminish and fight the
effect of permanent bramn tissue
damage. In most testing schemes for
decompression procedures, mild de-
compression sickness (muscle and
joint pain only) is acceptable in a
certain percentage of the cases (tvpi-
callv 1-3%), while serious (central
nervous symptoms) are not accept-
able. The acceptance of the procedure
is thus dependent upon the diagnostic
accuracy. Small areas of central
nervous damage can for mstance lead
to very localized changes in skin sen-
sitivity, easily missed even with care-
ful mmvestigations. This is perhaps
most strikingly shown by the cases
reported by Palmer et al (13), where
a diver with considerable degenera-
tion of his spinal cord following a
decompression accident had only
minute clinical signs and in fact were
allowed to continue diving. Recent
studies has shown that so-called
"pain only DCS" is a rare event, hap-
pening only in 8 (14) to 13% (15) of
all cases. Diving can often be very
heavy work, with considerable use of
muscles of the upper body. 1t is to be
anticipated that joint and muscle pain
caused by decompression sickness
easily can be missed in this situation.
Furthermore, manyv divers may be
reluctant to report minor symptoms,
as treatment of decompression sick-
ness may have negative effect upon
their further employment prospects.

There are indications that the tables
evaluated using decompression sick-
ness as an endpoimnt can be unsafe.
This 1s demonstrated by the striking
change in the occurrence of neuro-
logical decompression sickness in the
last 10 years, from 20% of all treated
cases in 1975 (16) to 80% in 1987
(17). The reason for this is not cuite
clear, but is probably related to the
development of better equipment,
enabling the divers to go to the limit
of the tables. Many centers with ex-
tensive experience in treating decom-
pression sickness claim that about
1/3 of all treated divers have dived
mnside accepted limits (Edmonds,
personal commumnication 1993).

BRUBAKK A.O: EVALUATING DECOMPRESSION PROCEDURES

Another indication that the use of
tested decompression tables will not
prevent long term effects is docu-
mented by the fact that a large per-
centage of divers with no history of
decompression sickness can have
signs of changes in the retinal arteries
compatible with gas embolism (18),
other studies have demonstrated
changes in diffusion capacity of the
lung compatible with gas embolism
19

All the above seems to indicate that
decompression sickness is at best a
very unrcliable way of evaluating de-
compression procedures. This is per-
haps even more serious when decom-
pression computers are used, as they
are designed to take advantage of the
tables as written, trying to "optimize"
the diving activity.

Vascular gas bubbles as
an endpoint

Using ultrasonic techmiques, it has
been possible to detect gas bubbles in
the vascular system of individuals
undergoing decompression. Several
studies has demonstrated that there is
no linear relationship between gas
bubbles found in the right heart and
clinical ~decompression  sickness.
(20,21). However, procedures that
produce many intravascular gas
bubbles have a high incidence of de-
compression sickness. Thus, the oc-
currence of a large number of gas
bubbles in the vascular system will
function as an early wamning sign.
This also shows that the clinical
signs of decompression sickness and
vascular gas bubbles are both based
upon supersaturation by gas, but they
are probably not directly related.

One of the assumptions made in us-
ing ultrasound to evaluate decom-
pression tables, is that one table pro-
ducing few gas bubbles will be safer
than one producing many bubbles.
This is probably not an unreasonable
assumption, but as far as we know,
no one has been able to document
that. However, we have been able to
show that it is possible to use gas
bubble content in the venous system
to distinguish between two different
profiles (22), and that there is a rela-
tionship between the amount of gas
and the "stress" of the dive. The ad-
vantage of this method is that even
small dive series is sufficient to make

this distinction.

Most studies using ultrasound has
been performed in the night heart. It
is generally assumed that the lung is
a very good filter for gas bubbles
down to a diameter of approximately
10 microns. We have., however,
shown that procedures that was con-
sidered safe, will give rise to con-
siderable gas bubble formation both
on the venous and the arterial side of
the circulation (23). Arterial gas
bubbles were also detected in another
study during routine decompression
from saturation (24).

These studies seem to indicate that
gas bubbles in the arterial svstem
may be present without signs of de-
compression sickness. James and
Hills (25) demonstrated that gas
bubbles can lead to breakage of the
blood-brain-barrier. Chryssanthou et
al have i several studies demon-
strated that decompression lead to
disruption of the blood-brain barrier
with leakage of fluid into the extra
vascular space (26,27). In the white
matter, this will lead to a separation
of myelin lamellac, leading to
changes in conduction velocity of the
axon. Myelin changes seem to be
central in experimental decompres-
sion sickness as demonstrated bv
Sykes and Yaffe who found changes
m myelin sheaths in the spinal cord
of animals (28).

Methods for evaluating
gas bubble content

Traditionally, the Doppler method
has been used for this (29). The ad-
vantage of this is that the equipment
is cheap and easy to use even in re-
mote locations. The disadvantage is
that the evaluation of the signals is
very difficult and requires extensive
training, in particular if few bubbles
are present (30). We have developed
a method based upon the use of ul-
trasomic imaging (31). Using this
system, the bubbles are easy to iden-
tify and the classification is easy
(32). Furthermore, the method has
been extensively evaluated against
bubble content measured by a com-
puter system, demonstrating that the
scoring system is approximately
logarithmic (Eftedal and Brubakk,
unpublished).
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"Conclusion

The use of decompression sickness
as an endpoint for the evaluation of
decompression procedures was de-
veloped at a time when there were no
equipment for the detection of gas
bubbles. There is no doubt that this
was a useful endpoint when devel-
oping procedures at a time when the
procedures were generally unsafe and
the incidence of decompression sick-
ness was high. The present situation
is however different. If the proce-
dures are used properly, then the in-
cidence of DCS will be quite low and
our main concern will be the possible
health effect of exposure to the de-
compression stress. The fact that
changes can be seen in individuals
who never have had clinical signs of
decompression sickness, must lead to
the conclusion that such changes may
be unrelated to acute clinical signs. It
is perhaps in connection with this in-
teresting to note the statement by
Behnke in 1940 (33)

"It may well be that bubbles form as
soon as a state of supersaturation is
initiated and that what appears to be
a ratio of supersaturation tolerance is
in reality an index of the degree of
embolism that the body can tolerate™.

We believe that changes observed in
divers may be related to vascular gas
bubbles and that gas bubble monitor-
ing should be performed during de-
compression procedure testing to re-
duce the health hazards in each indi-
vidual and to increase our under-
standing of the decompression pro-
cess.
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Decompression Computers

S. Daniels’

DANIELS S. DECOMPRESSION COMPUTERS. DIVE COMPUTER WORKSHOP, BASEL 1992 (ED. WENDLING
J./ScHMUTZ J.) P. 24-26 ISBN 3-908229-06-5. Decompression computers (dive computers) are becoming
increasingly popular amongst recreational divers. They relieve the diver of the need to carry and use
copies of the decompression tables and, perhaps more importantly, are perceived to allow more efficient
use of the time available for a dive because they constantly record depth and elapsed time and compute
the instantaneous body gas load. Knowledge of the gas load then permits an appropriate decompression
strategy to be computed. However, I have two principal reservations with respect to the widespread and
uninformed adoption of these devices. The first is in regard to the mathematical model used to compute
the decompression solution. The second concerns the effects on diver training and safety. Finally, I will
consider some specific questions on aspects of the design and use in practice of decompression com-

puters.

The mathematical model

Decompression computers aim to
calculate the quantity of gas dis-
solved in any part of the body, at any
instant 1 time, throughout a proce-
dure in which the pressure at which
breathing gas is supplied to the diver
1s varied. To this end they use some
mathematical model which describes
inert gas transport processes in the
body. Although historically there
have been a number of gas transport
models formulated based on concepts
of inert gas supersaturation or phase
equilibrium no completely satisfac-
tory model has vet been devised ( for
reviews see: Hills, 1977; Hennessy &
Hempleman, 1977, Wienke, 1989,
Homer et.al., 1989)

The most widely used model of inert
gas transport, in a diving context, is
that first formulated by Haldane
(Boycott et.al,, 1908) and later re-
fined by Kety (1955). In this model,
the body is represented as a series of
paraliel compartments in which the
rate of uptake or elimination of gas is
governed by the extent to which the
compartment is perfused. There are
two fundamental problems with this
model. First, the calculated gas
climination rates do not agree with
the experimentai observations from
gas washout studies and it would
appear that merely adjusting the per-
fusion and local solubility parameters
is not sufficient to provide good
agreement (Homer etal, 1989).
Second, since the experiments of
Hempleman it has been accepted that
gas uptake and elimination are not
symmetrical (Hempleman, 1969); yet

the model suggests they should be.

The reason for the asymmetry, with
gas elimination being slower than gas
uptake, is the formation of a sepa-
rated gas phase (Daniels, 1984). All
conventional models of gas transport
assume that the mert gas burden
remains in solution. However, there
is a wealth of experimental evidence
to show that this is not the case, even
for very mild decompressions typi-
cally used in recreational diving
(Daniels et.al., 1981;1984). A sepa-
rated gas phase cannot be simply
accommodated by adjustment of the
perfusion rates or solubilities. The
separated gas phase acts (a) as a sink
for dissolved gas, retaining it within
the body, (b) to actively transport gas
in the form of mobile, intravascular
bubbles, (¢) to retard the elimination
of dissolved gas by blocking blood
vessels and hence having a dramatic
effect on the perfusion rate.-Finally,
the presence of a separated gas phase
has serious implications for subse-
quent decompressions (Griffiths
etal, 1971; Gait etal, 1975). One
effect can be the sudden and unex-
pected appearance of serious decom-
pression illness. The second is that a
separated gas phase can act to 'seed'
further bubble formation. Both these
effects are cumulative over repeated
decompressions, with the timing
between exposures becoming of vital
importance. These effects cannot at
present be 'modelled. Therefore a
computer calculating the decompres-
sion profiles will, inevitably, become
over optimistic when calculating
repetitive exposure times.

Experiments have shown that the
threshold  decompression  before
bubble formation 1s approximately
0.7 bar (7 metres of sea water), ure-
spective of the absolute pressure
(Daniels 1984;1986:1989). If then
the ascent criteria is chosen such that
at no time shall the effective partial
pressure of inert gas in solution m
blood or tissues be allowed to exceed
0.7 bar, then decompression
schedules can be computed for which
the inert gas exchange model should
be valid; i.e., there will be no sepa-
rated gas phase present. When this is
done extremely long extensions to
decompression times are required
which would be unacceptable in
practice.

Acceptably safe decompression pro-
cedures are arrived at by first calcu-
lating a schedule and then by an
empirical process of testing and re-
fining in the light of the observed
outcome. Whilst 1 might express
reservations about particular end
points used in the experimental
testing procedure (in particular an
over reliance on the appearance of
acute symptoms of decompression
illness as the definitive endpomt) the
process has the virtue of using a
population response to a given pro-
cedure to combat the deficiencies in
the original, theoretical model used to
calculate the starting point for the
tables.

Another reason for needing to base
decompression tables on an expected
population response is that individual
responses to decompression vary
widely (Weathersby et.al, 1984).
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Even if an acceptable degree of
understanding were brought to the
formation, distribution and elimina-
tion of the bubbles, we have not
begun to understand why the varia-
tion n response is, characteristically,
so large: both between individual and
for an individual at different times
(Weathersby, 1989). Before being
able to claim that a particular model
could form the basis for an accurate
calculation of the decompression
required after any random pressure-
time profile both these factors must
be incorporated.

In practice:

When conducted according to rec-
ognised procedures and after appro-
priate training diving, particularly
recreational diving, has become very
safe; with rates of decompression
llness variously estimated at be-
tween 1 in 10,000 to 1 in 12,000
exposures (Marroni, 1993). This
reflects the standards of training, the
improvements to  decompression
procedures (largely through an ac-
cumulated experience rather than
improvements in methods of con-
structing tables) and improvements
to the equipment used. It is possible
that over-reliance on decompression
computers might undermine some of
this gain by reducing the theoretical
and practical knowledge of decom-
pression tables acquired by the av-
erage diver in the course of his
training. What then happens if a de-
compression computer goes 'wrong'
or just gives a 'wrong' answer?
Would the diver know the tables
sufficiently well to complete his ac-
cent safely? Would the diver rec-
ognise when an answer was patently
wrong? I do not know the answers to
these questions but if we consider the
analogy of children brought up using
calculators for arithmetic then I am
pessimistic. [ have also observed an
unfortunate tendency to believe any
answer given by a machine even
when it 1s patently wrong, and com-
puters do go wrong.

These thoughts, then, constitute my
reluctance to accept decompression
computers with wholehearted en-
thusiasm. In an ideal world decom-
pression computers would be used as
a support tool by a well trained
diving supervisor in a manner de-
scribed so eloquently by Jean-Pierre

Imbert (1993). However, recreational
diving will not, and perhaps cannot,
be organised in the same way as
professional diving and in practice
that means decompression computers
are here to stay.

Specific questions

(a) No artificial restrictions should
be placed on the use of decom-
pression computers as to the type
of diving for which they are ac-
ceptable. Such restrictions would
be unenforceable and might even
lead to devices being introduced
which would be designed to han-
die only the sumplest tvpe of dive
but which would be used for
other more complicated situa-

-tions such as multilevel and re-
petitive diving. This potentially
would be dangerous.

(b) The use of decompression com-
puters to enable deeper stops (4-
7 metres instead of 3 metres) to
be made could be very useful,
particularly in rough seas.

(c) Decompression computers must
be designed to handle more than
one dive in a 24 hour period.
This is presumably one of the
prime reasons why people buy
them in the first place. However,
divers should not have to add ar-
bitrary safety margins to what the
computer is advising as the solu-
tion. It is the responsibility of the
manufacturer to design the device
correctly in the first place.

(d) Evidence thus far does not indi-
cate a patent foramen ovale to be
a particularly importast predis-
posing factor in the susceptibility
to decompression illness (Cross
et.al,, 1993). If this remains the
case then there would be no
grounds for restricting the diving
activities of anvone known to
have a PFO nor should decom-
pression computer manufacturers
have to produce 'special case'
software.

(e

~—

I do not believe that computer
manufacturers should produce
software to allow oxygen diving.
This is not a safe activity for rec-
reational divers and 1 can see no
necessity for it. It is possible that
nitrox diving will spread amongst
some sections of the recreational

DANIELS S.: DECOMPRESSION COMPUTERS

community and some provision
for this by computer manufac-
turers might be made.

(f) The display of the dive computer
should never be stopped. even if
a catastrophic ascent had oc-
curred as a result of accident or
emergency. The data displaved
may be vital to the emergency re-
suscitation team. In fact arguably
the most important feature of a
decompression computer 1s as a
'dive logger', providing a means
of acquiring an accurate record of
the depth-time profile.

(g) Some index of 'decompression
stress' would be useful, perhaps
the calculated cumulative gas
load. However, if this became
widespread divers would have to
be educated in the meaning and
mterpretation of the data.

(h) 1 would not have thought that anv
special changes were necessary
for manufacturer to validate their
machines. After all, if a person
suffers decompression illness
following the advice provided by
a machine and it can be estab-
lished that that advice was sub-
stantially at variance with what
would have been the case if some
recognised table had been fol-
lowed, then the person would ap-
pear to have a case for suing the
manufacturer on the grounds of
that the device was not suitable
for the purposes advertised and
should be able to claim compen-
sation for any injury.
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French Data and Risk of Dive Computer

Use

J.-L. Meliet’

For this workshop data of 4 French
treatment centres are put together.
They list cases of decompression
illness during 1992, m Ajaccio for
the vear 1991. The results are
showed in Table 1.

From 107 cases of decompression
illness, only 47 (44%) occurred in
divers using a decompression com-

puter. Only 23% of the cases of
computer users were due to a clear
mistake in diving procedures, while
68% of the accidents were in divers
respecting the dive computer display
features. Of these unexplained acci-
dent cases only 1/5 are divers
without anv clear nsk factor, while
the other 4/5 all have at least one risk

factor for decompression illness.

Table 2 shows the comparison be-
tween decompression illness cases of
computer users and French Navy
divers using the old GERS 63 tables.
We see about the same percentage of
decompression illness in divers who
followed the tables as m divers who

followed the computer's display
Touion . Toulon Ajaccio Hosp. Marseille
Hop. Ste-Anne | Hop. Font-Pré {31) Hop. Salvator | Total Rates
Total number of D.1. 29 11 42 25 107 100%
Total 9 7 13 18 47 1100% 44%
Mistakes 3 4 - 4 11 23%
Without
D.l. using | Respect | favouring 1 1 5 7 15% 22%
D.C. of D.C. factor 100%
Display With
Features | favouring 4 2 12 7 25 }§ 53% 78%
factor
Unknown cause 1 1 2 4 9%

Table I: Some statistics about decompression illnesses (D.I.) and use of dive computers (D.C )

D.i. with Dive Computers French Navy study*
Total number of D.I. 47 100% 50 100%
D.i. due to mistakes 11 23% 17 34%
D.l1. with respect of tahles/computers 32 68% 100% 33 66% 100%
Without favouring factors 7 22% 7 21%
With favouring factors 25 78% 26 79%
Table 2: Comparison berween D.I. with computers and D.L in the French Navy (1)
Dive Computer Workshop 1992, Basel (Switzerland) Page 27
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. indications. The same relationship is
observed for the cases with risk
factors and without risk factors.

The main risk factors favoring de-
compression illness are successive
dives, tiredness before diving, efforts
before, during or after diving, bad
physical condition or unfitness to
dive, antecedents of decompression
illness, vo-yo-dives. No square dive
profiles however are not considered
as misk factors. The comparative
result of the French Navy and de-
compression computer studies are
very parallel.

Conclusion

Although no data are available, about
1/2 of the divers in France may use
diving computers (44% of diving
casualties with diving computers m
our study, about 50% divers using
computers in an estimation of the
"Fédération Francaise d'Etude et de
Sports Sousmarins” FFESM).

There is no significant difference
between the etiology and incidence of

F. N. STupy | Gl witH D.C.
SUCCESSIVE DIVES 16 T
TIREDNESS BEFORE DIVING ) 11
EFFORTS BEFORE, DURING OR AFTER DIVING 16 7
BAD PHYSICAL CONDITION OR UNFITNESS TO DIVE - 4
ANTECEDENTS OF DECOMPRESSION ILLNESS - 3
YO-YO DIVES - ‘ 1
i

Table 3: Favoring factors found in decompression illnesses with respect of

dive computers features

decompression illness in divers using
computers or using the French
(1965) Navy tables.

About 80% of decompression illness
cases occur assoclated with favoring
factors as successive dives, tiredness
and efforts, physical unfitness.
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Development of Computer
Decompression
Italian Divers

A. Marroni’

Illiness

Use and

Incidents by

I try to present a snap-shot of what is
happening in Italy during the last few
vears. With more than 3000
members in Italv  DAN Europe,
former IDA (International Divers
Assistance) is in the position to give
a comparative analvse of represen-
tatrve data.

We refer to the data published by
DAN (Divers Alert Network of
USA) 1988. This study tried to
compare the use of decompression

computer users in the group of
treated divers. What came out of the
risk analyses was that multidays

repetitive diving is a clear risk factor
and that divers using computer were
relativelv safer than table users if the
dives were performed within the first
30m of sea water and relatively
unsafe if diving deeper than that.

As showed by Table 1, the percent-
age of computer users in the decom-
pression illness cases in Italy was

vers responded. Besides other ques-
tions investigating the diving habits
of the Italian divers population
85.4% reported the regular use ot
the computer for diving. From the
analyses of DAN, the Italian studies
of IDA and DAN Furope we see an
mncreasing degree of computer using
divers while the total rate of decom-
pression illness incidence in divers
using any kind of decompression
indicator does not vary significantly.

COMPUTER USE PREVALENCE ON DAN DCI1
CASES
- 1987 / 1992 -
1987 - USA 40/220 CASES
1989 - ITALY | 14/47 CASES
1990 - ITALY | 5/19 CASES
1991 - ITALY | 15/43 CASES
1992 - ITALY | 14/36 CASES
{preliminary)
Table |

1991 DAN DIVING HABITS QUESTIONNAIRE
7238 RESPONDERS
85,4% DECLARED USE OF DIVE-COMPUTER

Table 2
18.1% gradually increasing
29.7 % during the last years
with  an  actual
26.3% percentage of about
34.9 % 40%. This reflects of
38.8 % course the increasing

popularity of diving
computers. To know
more about this

computers and the incidence of de-
compression illness in a sample of
220 cases, 40 of which were using a
dive computer. There was no way to
extract more details from these dates
besides the percentage of 18.1% of

specific safety or risk
factor given by the use of the
computer we performed a study by
sending out some 20000
questionnaires i the diving
magazine "Il Subacqueo”. 7'238 di-

To conclude, we may even rise a
question which is somehow specu-
lative: if the rate of computer users in
the actual diving population is about
85% and the percentage of computer
users of the decompression illness
casesis only about 40% it appears
that the use of computers in
decompression illness cases occurs at
a lower percentage as opposed to the
use of tables. So we could ask the
question "can the decompression
sickness risk be considered higher
among table users than among
computer users?".

? DCI INCIDENCE:

? DCI RISK:

Table 3

DIVE COMPUTER USE: HIGHER % VS. TABLES
COMPUTER USE IN DCI CASES: LOWER % VS. TABLES

HIGHER IN MINORITY
TABLE GROUP VS.
COMPUTER GROUP
MAJORITY?

HIGHER WITH "TABLES" DIVING
VS. "COMPUTER" DIVING?

! Via Puglie 82, 64026 Roseto degli Abruzzi, Ttaly
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'Dive Computers - Today and Tomorrow

M.H. Hahn'

HAHN M.H. DIVE COMPUTERS - TODAY AND TOMORROW. DIVE COMPUTER WORKSHOP, BASEL 1992 (ED.
WENDLING J./ SCHMUTZ J.) P. 30-35 ISBN 3-908229-06-5. - By no question, dive computers are here to
stay. It is still remarkable, that pneumatic analog decompression computers, of which well over 300,000
units were sold, did not by far stir up so many discussions as did their digital successors. This cannot be
because they were not taken serious, the first divers to buy them were those who had to make several
descents per day - instructors! Contrasting to today’s instruments, these pneumatic devices displayed
only one "vital" information: a pointer marked the actual "ceiling", i. . the shallowest depth presently
allowed. And - also contrasting to today’s situation - these instruments were rarely worn by beginners.
Modern dive computers, crammed with features, suggest a feeling of omnipotence to their mostly novice
users: Depths are displayed to fractions of feet, almost ten times more accurate than mechanical gauges.
Time spent submerged is not only shown permanently, but - together with maximum depth - correctly
stored in the logbook-memory. Why should the decompression data displayed not have the same level of

credibility?

For decompression computation,
most of today’s dive computers use a
row of parallel exponential com-
partments, normally defined by the
same halftime for uptake and release
of the nitrogen fraction of ambient
pressure. Supersaturation tolerances
are usually computed according to a
model, originally published by
Workman [1], and, mathematically
simplified, by Bithimann [2]. This
model assumes the "ceiling pres-
sure", 1 e. the lowest "allowed"
ambient pressure, to be a linear
function of the partial pressure of
inert gas in the "leading tissue”, i. e.
the compartment with the highest
ceiling pressure at the time of in-
terest. In Biihlmanns model these
constants are independent of ambient
pressure. Thus two constants per
compartment define the safety level
of decompression, 1. €. whether a
table or computer based on this

model is more or less "conservative".
The 32 comstants for the
compartments of his ZH-L16 were
derived mainly from the symptomatic
outcomes of dry chamber trials.

Laymen usually cannot imagine how
many DCS-free exposures are neces-
sarv to narrow down statistically
expected DCS-percentages to at least
1% (fig. 1). This points to general
problems of validation of mathemati-
cal decompression models:

a) No social consensus does exist
on the level of residual risk ac-
ceptable in recreational diving.
The answer "zero" is of course
unreasonable {3].

b) Independent validation of the
mathematical models imple-
mented in today’s  dive
computers according to’ recently
proposed procedures [4] is

obviously bevond possibilities of
the manufacturers. This could be
acceptable, if computer displays
would stay on the conservative
side of already validated tables or
algorithms.

¢) The handling of repetitive dives
leaves some discretionary margin
to the designer of a model, or re-
petitive system of a table, as is
demonstrated by two well known
examples (table 1).

Recent statistics on decompression
sickness (DCS) among sport/-
recreational divers [5] give no clues
to specifically blame dive com-
puters, resp. therr models and
parameters, for an increase mm DCS
cases per dive (fig. 2). But this result
shall not obscure the fact, that it is
the absolute number of cases which
counts for grief, cost and public
attention. This number really grows

TABLE 1:

Descent to 36 m in 1 min, hold for 14 min, ascent speed, hold at decompression depth and time
as prescribed by table. No-D-Limits in minutes after 2 hours surface intervail.

Table Deco-Stops at Total Ascent- No-D-Limits after 2 hours surface interval at
gm 6m 3m Time [min] 12m 15m 18m 2itm 24m 27m 30m

BSAC 0 1 0 4 4 24 15 10 8 0 0

NDC 1 2 5 11.6 15 60 30 20 13 10 7

Tab. | Comparison of decompression schedules for a 36 m, 15 min dive and NDLs after 2 hours surface interval for the
BSAC decompression tables (The British Sub Aqua Club Diving Manual, 110-114, Stanley Paul, London. 1990.)
and the NDC decompression tables (Nationaal Duikcentrum, Delft, The Netheriands, 1988.)
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TABLE 2:

No-D-Limits for Buhimann and DCIEM models.

Depth 12m 15m 18m 2im 24m 27m 30m 33m 36m 39m 42m 45m 48m 5im A
ZH-L16C

[min] 188 93 62 4 32 25 20 16 14 11 10 9 8 7
risk [%] 20 27 32 34 34 33 31 30 29 27 26 26 25 25
DCIEM

[min] 180 64 36 25 19 15 12 10 9 8 7 6 6 5
risk [%] 20 24 24 22 290 19 18 1.8 18 18 18 18 19 20

Tab. 2 Comparison of NDLs and pertinent DCS-risks (calculated with model 2. single air parameters from [6]) for ZH-
L16C [7] and the DCIEM-model [8].

due to the expansion of recreational
diving.

Looking closer into details of re-
ported DCS cases reveals a relative
high fraction to be related to high gas
loading, or repetitive or decper than
previous dives resp. combinations of
these attributes. Comparison of the
Bihlmann model (BM) (with
recently proposed coefficients for
dive computers) to outcomes of ex-
perimental chamber exposures and
fish-farming dives, other models,
phvsiological measurements and risk
calculations elucidate the limits of
this model:

Application of risk estimation with
maximum likelihood algorithms [6]
to the no-decompression limits
(NDL) of ZH-L16C-coefficients [7]
shows remaining DCS-risks to be
highest for the depth region used
most frequently by recreational di-
vers. The NDLs of the DCIEM
model [8] vield a less pronounced
merease of risk for shallower dives
(table 2). It must be considered as
unfortunate, that the strict "no de-
compression dives" policy of promi-
nent dive tuition agencies keeps dive
computer manufacturers from ac-
cepting shorter NDLs for shallow
dives.

High gas loading single chamber
profiles [9, 10, 11], with DCS rates
far beyond acceptable limits, stay
well within approx. 90% of the al-
lowed supersaturation limits of ZH-
L16C (fig. 3, 4, 5).

The response of the BM to yo-yo-
diving is comparable to a high(-fre-
quency) pass, €.g. an electrical con-
denser fed with alternating current.
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Fig. 1 Confidence limits for the definition of coefficients of ZH-L16 [7]

compartments.

An infinite row of bounce dives to 40
m, with bottom time just within the
NDL, repeated every 80 minutes,
with an average depth of 5 m [12],
never provoke a limiting response of
the model (fig. 6). The DCIEM
model, with offgassing slower than
uptake, piles up increasing decom-
pression demands for subsequent
dives (fig. 7), although this probably
would not suffice to prevent DCS, if
such dives were made. This may be
Jjudged from the outcome of rather
shallow fish-farming dives [13](fig.
8). Repetitive wet chamber dives
[14], decompressed according to the
BM, showed bubble grades and DCS
occurrence to increase with subse-
quent exposures. This corresponds to
the concept of decompression in-
duced delay of nitrogen elimination

[15].

Repetitive dives with increasing
depths are supposed to be highly
DCS-prone. In the above cited re-
petitive  chamber dives, bubbles
could be heard with ultrasound
doppler after descending to 40 m on
the second dive. Theoretical consid-
erations about bubble excitation [16]
lead to a distinct "punishment" of
deeper-than-previous repetitive dives
in the appropriate decompression
model. The BM, only describing the
- and outflow of dissolved gas,
does not yield this feature.

Many dive computer manufacturers,
using some kind of BM, handle its
shortcomings by side rtules: "Do
not..." and "Avoid...", which - at best
- are mentioned in the instructions for
use, but sometimes only can be found
as remarks in diving magazines.

Dive Computer Workshop 1992, Basel (Switzerland)
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Steadily dropping prices for RAM-

and ROM-bytes together with more 107
powerful CPUs, sull thrifty of dcs cases reported to insurance per miilion dives
battery life, give a chance, to 100 l .
g«raduaUy transfer side rules ﬁom the ertor bars show 95% cenfidence limits {Poisson distribution).
instructions to the decompression- B S U
algorithms - if manufacturers desist }
from  further  mvestments in |
"featurism"! 50?..... . %_ :. -
40t f . !
20 1.
]
o 3: : | B :
74 75 76 77 78 79 BO 81 82 83 84 85 86
Fig 2 Number of DCS cases reported to the (compulsory) insurance of
German Sports Divers Federation (VDST), related fo the
approximate number of dives made by members. According to
complete reports of 9.4% of the members. 16.9 dives were made
per member in 1989
NEDU chamber dive 150 fsw / 40 min
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el 90
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36 1 &
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o 18 g 40 A
5 :
g S 20
3
¢ 10 -
o - T ; ‘ r r - o Ar—0F > e e e
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time [min] # of compartment
upper 95% conf.-limit = 22.77 % Yissue’ - overpressure at final surfacing in
dcs/dives -> 2/29 = 6.90 % % of 'allowed' overpressure according 1o
lower 85% conf.-limit = 0.85 % ZH-L16C ('Computer’)
calculated risk = 8.40 %
[Thalmann; NEDU Report No. 8-85] [Bihlmann; Tauchmedizin 1993]

Fig. 3 Profile and outcome of a NEDU wet chamber dive [9] and the appropriate percentages of

supersaturations tolerated by ZH-L16C [7].
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DCIEM chamber dive 45 m / 30 min

U

P . .

[Lauckner, Nishi, Eatock;
DCIEM No. 84-R-72]
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[BGhimann; Tauchmedizin 1993]

Fig. 4 Profile and outcome of a DCIEM chamber dive [10] and the appropriate percentages of

supersaturations tolerated by ZH-L16C.

[Hahn; Der Tauchiehrer 4/1 986]

BLFS chamber multilevel dive
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[Bahimann; Tauchmedizin 1993)

Fig.5 Profile and outcome (only skin rashes. which disappeared without treatment, were
observed) of a BLFS multilevel wet chamber dive [11] and the appropriate

supersaturations tolerated by ZH-L16C.
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Fig. 8 Fish-farming dive profile with DCS outcome and appropriate ZH-LI6C supersaturation

percentages.
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Defining Diving Safety

R.D. Vann'

What is Safety?

In an ideal world, safetv is freedom
from risk. Unfortunately, real-world
activities such as diving have risks
that are not totally avoidable. These
activities are defined as "safe" when
their risks are judged to be accept-
able (1).

To judge the acceptability of risk and
to establish safety guidelines, we
must learn how nsk vanes with
exposure. This is a three part
process. First, the potential injuries
are identified. Second, the risks of
these injuries are related to the expo-
sures that cause them, and third,
safety guidelines are defined from
exposures for which risk is judged to
be acceptable.

The first two parts of this process
depend upon empirical data while the
third part is a subjective evaluation
that weighs risk against perceived
benefit. Recreational dives and ex-
perimental trials are two potential
sources of empirical diving data from
which safety guidebines mught be
derived for diving.

Empirical Diving Data

Froa 1987-1990, the Divers Alert
Network collected some 1,400 re-
ports of recreational diving incidents
(2-5) including both decompression
sickness (DCS) and air embolism,
collectively referred to as decompres-
sion illness (6). Figure 1 summarizes
these incidents as a function of depth.
Decompression illness (DCI) was
rare after dives shallower than 10
fsw, most common after dives to 80-
90 fsw, and of decreasing frequency
for greater depths.

This does not mean that the maxi-
mum DCI risk occurs at 80-90 fsw
and that deeper diving is safer. We
cannot address questions concerning
risk without knowing how many
dives were made to each depth. Data
on recreational diving incidents,
therefore, are not useful for estab-

lishing acceptable risk and defining
safety guidelines.

The type of data needed are found in
the results of experimental trials

Incident
Frequency
100

501

existing data. Recreational dives are
generally short, no-stop, repetitive,
and multi-level (9) while single,
square, decompression dives pre-
dominate in experimental trials (7).

04
10 20 30 40 50 60 70 B0 S0 100 110 120 130 140 150 160

Fig.l

which carefully document depth-time
profiles and the presence or absence
of symptoms (7). Such data can be
used to estimate DCS nsk for any
exposure as illustrated in Fig. 2 for
no-stop air diving, No-stop dives
with estimated risks of 0.5%, 2.2%,
and 5% are indicated by lines in Fig.
2 while the U.S. Navy lmits are
represented by dots (8).

Many of the Navy no-stop limits
have estimated risks of about 2.2%.
If this risk is judged to be too great, a
smaller acceptable risk can be se-
lected. The corresponding no-stop
limits become "safe" by definition.
Thus, diving can be as safe as de-
sired, but imcreasing safety imposes
greater restrictions on exposure time.

Experimental Trials vs.
Recreational Dives

Unfortunately, differences between
experimental trials and recreational
dives may render experimentally
based risk estimates inaccurate when
applied to recreational diving. Most
experimental trials are conducted
with bottom times at the military no-
stop limits or longer (7). Thus, risk
estimates for shorter recreational
dives are extrapolations beyond the

Depth (fsw)

Ascent rates can vary widely during
recreational diving but are tightly
controlled during experimental trials.
This might account for the apparent
infrequency of air embolism during
experimental dives.

While the number of dives and DCI
incidents are unknown in recreational
diving, an overall DCI incidence is
estimated at one in 2,500-35,000
exposures  (0.02-0.04%; (3)). A
much higher overall DCS incidence
of one in 15-23 dives (4.4-6.7%) is
indicated for experimental trials (7)
with risk estimates of 1-4% for the
Navy no-stop limits (Fig. 2). Pam-
only symptoms predominate in
experimental trials (see reports listed
mn (7)) while neurological symptoms
appear more common In recreational
diving (2-5).

These apparent discrepancies in
incidence and symptoms may result,
in part, from under-reporting by
recreational divers(8). Experimental
divers are tramned to report even
minor symptoms during post-dive
interviews. Recreational divers, on
the other hand, receive little traming
in symptom recognition and can face
social censure for admitting to
symptoms (10). Thus, a 2% DCS
incidence based upon experimental
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data (Fig. 2) might reflect symptoms
that would be overlooked in recrea-
tional diving. If recreational diving
data 1s to be useful for risk estima-
tion. svmptom reporting must be
complete and accurate.

The Epidemiology of De-
compression Illness

The fundamental problem is igno-
rance of the epidemiology of decom-
pression illness, and as long as ap-
propriate cpidemiological data are
unavailable, rational safety guide-
lines for recreational diving will
continue to be elusive. Recognizing
this circumstance, the Divers Alert
Network is planning a project to
collect data from approximately one
million dives. Project development
will require 1-2 years and data
gathering at least five years. Depth-
time profiles will be recorded using
dive computers, and divers will be
interviewed concerning the presence
or absence of symptoms by a
network of Field Data Coordinators.
Field Data Coordinators will be
volunteers with a strong interest in

enthusiastic support of the recrea-
tional diving community and the dive
computer industry. Orca and Suunto
have indicated preliminary interest by
providing software for downloading
depth-time data from their dive
computers. DAN has incorporated
this software into a computer pro-
gram for collecting information about
divers, symptoms, and therapy. A
description of the project (11) and a
copy of the preliminary data collec-
tion program are available from
DAN on request. In the coming
years, Dan will work closely with the
diving community to develop the
information that could ultimately
benefit divers around the world.
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Using the UHMS Validation Workshop
Guidelines in Development of Decom-
pression Computers

R.W. Hamilton'

HAMILTON R.W. USING THE UHMS VALIDATION WORKSHOP GUIDELINES IN DEVELOPMENT OF
DECOMPRESSION COMPUTERS. DIVE COMPUTER WORKSHOP, BASEL 1992 (ED. WENDLING J./SCHMUTZ
J.) P. 38-41 ISBN 3-908229-06-5. - The matter of validating decompression tables has always been
troublesome. Early dive computers were produced and distributed without benefit of guidelines on how
such devices should be validated. Such recommendations are now available in the form of the gunidelines
of the Undersea and Hyperbaric Medical Society Workshop on Validation of Decompression Tables.
According to the Workshop the developing organization has the responsibility, and it is advised to
appoint a Decompression Decision Board (DDB) with beth the competence and the responsibility for
making decisions during development. Entirely new tables or extrapolations of past experience may
require traditional testing, but procedures that are interpolations of established ones can be introduced
with extra precautions at the operational evaluation stage. These principles, although conceived for
traditional decompression development, can apply to new dive computers. The validation may be done
by the manufacturer or a user organization. Operational evaluation is done with extra training, qualified
supervision, involvement of management, appropriate medical coverage, rigorous monitoring, and
documentation, and feedback. This monitoring should use the computer itself as a tool, since all new dive
computers are strongly urged by decompression experts to provide for detailed monitoring of dive
pressure-time (and gas if other than air) profiles. Manufacturers are encouraged to distribute both the

computational algorithm and the results of validation testing.

Introduction

Diver-carried decompression com-
puters - conventionally called "dive
computers” or "DC's" - enjoy wide
acceptance among scuba divers, both
recreational and professional. Early
dive computer manufacturers have
chosen existing computational algo-
rithms or “models" for performing
their calculations, often with some
modification for the computer mode,
and generally with satisfactory re-
sults (Lang and Hamilton, 1989,
DAN, 1991). As dive computers with
greater capabilities and higher per-
formance move through the design
process, the issue of how to validate
the quality of their decompressions
comes up.

A couple of decades ago, as modern
diving began to develop, in order to
put new or changed decompression
tables to work in an ethical manner 1t
was regarded as essential that they
had to be validated by chamber tests.
This consisted of exposing human
experimental subjects in pressure
chambers to representative examples
of the new profiles or tables. As time
has passed several problems with this

approach have surfaced. One is a
better appreciation of how little value
a few tests are in predicted decom-
pression sickness incidence in the
range of fractions of a percent
(Weathersby, 1989; Lehner and
Palta, 1989); previously it was not
widely appreciated how limited the
value of a few tests were. In recent
years there has been a considerable
resistance also to the use of human
subjects for decompression trials,
especially in certain environments.
Not only does this attitude cause
unnecessary testing to be regarded as
unethical, but it adds greatly to the
cost. Another significant advance is a
substantially improved ability to
document field decompression expo-
sures (Sterk and Hamilton, 1991).
Perhaps the most important changes
over the last 25 years, however, have
been the increasing improvement in
the understanding of the phenomenon
of decompression as a physiological
event, and the great advances in
learning how to do it reliably.

One further development has been
the increase in the popularity of legal
litigation - law suits - particularly
with regard to product liability. In the

United States a concept known as
"strict Hability" makes a manufac-
turer potentially liable if a product is
defective and leads to an injury; it 1s
not necessary to prove negligence.

Validation of decompression tables,
or more accurately "procedures” in
the case of dive computers, has al-
wayvs been a sticky problem, and it
remains one. A relatively new set of
guidelines for systematically and
ethically facing this 1ssue offers some
help.

The UHMS Validation
Workshop

In 1988 a workshop held by the
Undersea and Hyperbaric Medical
Society made something of a break-
through in the question of the valida-
tion of new decompression tables,
and particularly of improvements in
older ones (Schreiner and Hamilton,
1989). This was a committee of 30 or
so key people in decompression
research and development, including
almost all the leading experts of
North America, and though not
planned as an international workshop
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it was fortunate enough to include
several from Europe as well. Wide
representation included safety direc-
tors, the legal profession. the clergy,
government and mulitary administra-
tors. universities, etc., with occupa-
tional safety, management, opera-
tional, medical, and research orienta-
tions. The group was well qualified
to make decisions affecting all as-
pects of decompression development:
it was not limited to the small club of
decompression  modelers. Their
report, although 1t is not strictly a
consensus statement. reflects the
mtent of the group. The Workshop
dealt with several issues, including
the development process itself, iden-
tifying who bears the responsibility
for development. what is work and
what is research. and how to make
Jjudgmental decisions.

The first thing the Workshop did was
to determine that the developing or-
ganization is responsible for decom-
pression table development and vali-
dation. This means that neither the
authority nor the liability is to be
passed off to a government agency or
military standard or anything like
that. The concept is that decompres-
sion tables are best developed by or-
ganizations who need them and who
know the requirements and limita-
tions of a given diving mode. This is

HAMILTON RW.: USING THE UHMS VALIDATION WORKSHOP...

focused on commercial operations,
military diving, and perhaps scien-
tific diving, cases where the diver is
an emplovee of the diving organiza-
tion, but is generally applicable
everywhere.

The Workshop defined a flow chart
(Figure 1) of the decompression table
development process. This was in-
tended as much to be a snapshot of
the way it currently works in a re-
sponsible orgamization as a hvpo-
thetical "ideal” process; it shows the
necessary elements. The flow chart
begins with development of a new
model or concept for decompression,
follows with laboratory validation
when necessary, shows movement
into the field for monitored provi-
sional and operational field use, with
appropriate feedback loops complet-
ing the circuit. An important point is
that several of the arrows in the flow
chart represent decision-making
steps. the Workshop proposed a
method for dealing with them.

The Workshop made the distinction
between research for decompression
table development and operational
diving. Research is by intent research
and is under medical control; it meets
ethical criteria for informed consent
of volunteer subjects. Operational
diving is within the job description of

With good recards of profiles and events

- New iable generation
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New Mathematical .
g mode}formula ‘ History
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Figure {. Flow diagram from Validation Workshop. The DMB has been re-
named to the Decompression Decision Board, DDB (Schreiner and Hamilton,

1989

the diver. In a given case this distinc-
tion might not be clear and judge-
ment mayv be needed.

The most troublesome points in the
development process are those where
Jjudgement is required, where deci-
sions have to be made. Examples of
decisions that have to be made are.
when has laboratory development
reached a stage that open sea provi-
sional operational use can begin. or
when is operational evaluation com-
plete so the tables can be considered
operationally ready. Or, perhaps,
when is it time to go back and redo
the formula because it is not working.

The Workshop noted that the ethical
and legal approach to decisions of
this type are that they are properly
made by a "competent authority,"
whether in diving or in other human
endeavors. The recommendation for
table development is that the deci-
sions that come up in the develop-
ment process be made by a commit-
tee or board within the developing or-
ganization that is charged with the
responsibility for making such deci-
sions. This was tentatively called 2
"decompression monitoring board”
by the Workshop, but a better term is
Decompression  Decision  Board
(DDB) since that better reflects what
they do. This group is expected to
have the competence to make the
necessary decisions or to draw it in
from elsewhere in the organization or
from outside. It conceivably mav be
one or two people, but three or four
with diverse perspectives would be
better. such as the operations
manager, the safety director, the
decompression guru, and possibly the
medical director. The makeup mav
change, depending on the issues
involved. The description of the
DDB concept by the Workshop does
not mean such a mechanism has not
existed before: most organizations
developing decompression tables
have in place a similar process, with
varying degrees of formal recogni-
tion. The important conclusion of
the Workshop is that a competent
authority be formally designated and
charged with the responsibility.

The DDB is integral to the decom-
pression development process and
makes evervday decisions: it is not a
"review” board that occasionally
oversees the process. Such a review
or oversight committee is not a
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necessary part of development, but
the Workshop did endorse the idea of
having some sort of higher-level ex-
ternal review, especially where the
developing organization is limited in
its scope. This has been implemented
in some actual situations: for exam-
ple, the DAN Advisory Board re-
viewed the new DSAT/PADI tables
(Hamulton et ai, 1994), and organi-
zations such as the U.S. Navy may
have several levels of review.

Another important concept discussed
by the Workshop is that of introduc-
ing tables at the operational evalu-
ation stage. New tables that have
been generated by a laboratory
project or are revisions of earlier
operational tables. for example, often
need a phase of provisional field use
before being accepted as opera-
tionally ready. This phase should be
done with "special care," involving
such safety oriented factors as extra
training, experienced supervision,
mvolvement of management, appro-
priate medical coverage, rigorous
monitoring and documentation, and
of course feedback. It was agreed that
interpolative developments based on
prior experience could be introduced
at this stage without formal chamber
testing, as long as the changes are
within the scope of past experience
and are not extrapolations into new
domatns. Some examples of this
mmplementation have been with
compressed air work (Faesecke KP,
1990) and in scientific diving
(Hamilton, Cockrell, and Stanton,
1990).

At the operational level another proc-
ess takes place, that of data acquisi-
tion, recording, and review. An es-
sential requirement of the “"op eval"
process, and a highly recommended
aspect of all diving operations, is
monitoring of the results. This means
data acquisition in terms of dive logs
and pressure-gas-time profiles, re-
view of the dive logs by the using
organization, and feedback of results.
This is widely implemented by vari-
ous diving organizations (for exam-
ple, Imbert and Bontoux, 1989;
Brubakk and Jacobsen, 1991; Sterk
and Hamilton, 1991).

The concepts offered by the UHMS
Validation Workshop afford a logi-
cal, ethical, and recognized approach
to decompression procedure develop-
ment. To our knowledge they have

not vet been tested in court, but they
provide the kinds of things a court
looks for to show that the developer
has done its homework.

Applying the Workshop
principles to dive compu-
ters

It is not intuitively clear how these
guidelines can be applied to the de-
velopment and validation of dive
computers. First consider some facts.
Most current dive computers were
already in existence or the develop-
ment was complete at the time of the
Validation Workshop, so what is said
here cannot apply to them. Decom-
pression computers, with the excep-
tion of some developed for the US
Navy and the Canadian Forces, have
always been dedicated to recreational
diving. Dive computers have uni-
formly used algorithms for their
computations that have been vali-
dated in field use or that are conser-
vative modifications of established
procedures. Partly because of this, in
recreational diving it traditionally has
not been considered critical (or pos-
sible) to perform validation testing
before issuing new procedures. Most
DC aigorithms have been related to
the US Navy Standard Air tables,
and if it could be shown that they
were conservative with respect to the
Navy tables then they were con-
sidered acceptable.

A notable exception to the concept
that recreational procedures are
rarely subjected to laboratory valida-
tion is a test program performed by
the DSAT, Diving Science and Tech-
nology, Inc. DSAT is a subsidiary of
PADI set up for evaluating the PADI
Recreational Dive Planner, "The
Wheel" (Rogers, 1992; Hamilton et
al, 1994). This is mentioned because
it shows the considerable -effort
considered necessary to validate a
recreational decompression algorithm
that is somewhat different from
previous ones. The results of this
development were reviewed by an
advisory comunittee assembled by the
Diver's Alert Network.

As an aside, note that an algorithm
adequate for generating "flat" tables
may not necessarily be adequate for a
dive computer. The reason is that
most, in fact virtually all, table-based

dives are submaximal. thev do not
extend to the full depth and time of
the table. Computer dives, if they
follow the computer hterally, are all
maximal dives. How important this is
quantitatively 1s not known, but it
represents an important distinction,
and some allowance needs to be
made for it cither n the algorithm
itself or in how the DC is used.

To begin to apply the Validation
Workshop guidelines to computers it
is first necessary to identifv the
"developing organization," the entity
responsible for thc development.
This could go several ways. The
obvious developer m most cases is
the manufacturer, but some other
scenarios exist. In one case a manu-
facturer modified 2 standard recrea-
tional computer specifically for an
operational organization, who then
performed their own operational
evaluation. to validate its reliabihity.
But let us consider that the manu-
facturer 1s the developer.

First we should consider the process
of designing, producing. and market-
ing a new dive computer. As these
things go, before the issue of a com-
putational algorithm gets much atten-
tion the company will invest consid-
erable effort in electronic design and
miniaturization, power and power
management, computational capabil-
ity, packaging (which has to be rigor-
ously waterproof as well as attrac-
uve), the display, and the overall
marketing strategy (not to mention
financing, manufacturing, etc.).

In order to conform to the Workshop
guidelines - and this would be the
best approach for any new decom-
pression  procedure  development,
computer or otherwise - the computer
manufacturer should first establish or
designate a Decompression Decision
Board. This may be their resident
expert in decompression, perhaps in
collaboration with a product manager
or safety director, or perhaps with a
design engineer and maybe with one
or more consultants provided such
expertise is not available in house.
The algorithm and its origin and
track record should be documented.

Next, if the procedures produced by
the new dive computer are in fact so
new that they cannot be regarded as
interpolations of existing experience
(an unlikely event), then some type of
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testing program would be considered
necessary. For most situations the
procedures arc interpolative and the
validation can be done i the opera-
tional evaluation mode. in the field.

The next step 1s to set up methods for
documentation of the op eval phase.
The basic "documentation” of pro-
files would best be done by the com-
puter itself. Considering the strong
stand taken by another high-level
workshop. the AAUS Workshop on
Dive  Computers (Lang  and
Hamilton, 1989). it would appear to
be a mistake to make a new computer
todav that docs not record the dive
profiles so that they can be accessible
by a desktop computer or at least be
converted nto hard copy. Recordings
should preferably be to the nearest
minute and haif-metre of sea water,
or very close to this, and should
somehow allow an entire diving va-
cation to be monitored. As a mini-
mum of dive event documentation, at
Icast the date and starting time of
every profile and the serial number of
the computer should be recorded,
linked firmly to the profile.

It is then part of the op eval proce-
dure for the identity of the diver -
either by name or code - and some
other essential information such as
the repetitive status, breathing gas (if
not air), equipment, and ecnviron-
mental factors, etc., also to be re-
corded. Of course a stringent method
for monitoring the outcome of the
dive regarding DCS, etc., including a
confirming check the day afier the
dive. should be in place. During the
operational phase the method of
recovering these profiles has to be
established. Recording just the depth
and bottom time is not considered
adequate.

The next step is to identifyv the opera-
tional cvatuation users. These may be
volunteers to whom prototype com-
puters are loaned for a "beta test”
phase of hardware shakedown. or
they may be the first eager pur-
chasers of a new design. These
people would not be considered
"human volunteers" in the laboratory
sense, but thev should be informed of
the nisks involved to whatever extent
that they are different from the ordi-
nary risks of diving (they normally
would not be), and of course be told
what is expected of them in terms of
data acquisition and reporting of
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outcome. For certain exposures the
DDB might regard them as having a
higher risk than the background level
of recreational diving, and special
care might need to be implemented
during the initial exposures. These
evaluators could be randomly se-
lected from the population of dive
computer users and requested to dive
in their own style, or they could be
chosen from a particular tour or re-
sort. DAN, for example, conducts
tours from which data could be ac-
quired, under proper arrangements.

For dives in the recreational mode
several thousand would be needed
before an evaluation could be made.
For more extreme dives such as
"technical" or ‘“commercial," a
smaller number would probably suf-
fice. It takes large numbers of dive
records to establish the incidence or
range of DCS probability for recrea-
tional diving because the incidence is
so low. It is not necessary to estab-
lish a firm incidence if it can be
shown to be suitably low. Again, this
is decided by the DDB.

The analysis could consist of as little
as calculating a simple incidence of a
fractional percentage of DCS re-
sulting from a given number of expo-
sures, or could involve sophisticated
statistical breakdown. Since the
analysis is based on profiles in-
volving the use of the new computer
in a wide variety of situations, a good
denominator for establishing an
incidence level should thus be avail-
able. Note that the incidence level
presumed to apply to the overall
scope of recreational diving, perhaps
one case of DCI in 10,000 exposures,
is probably optimistic, and a level of
carefully-documented near-maximal
exposures would not expect such a
low incidence (Lang and Vann,
1992). Whether the details of the
validation are reported or not is the
option of the manufacturer, but cer-
tainly it would seem the results are
relevant. Paradoxically, it might be
better for the liability exposure of the
manufacturer for a case or two of de-
compression sickness to be reported
in the validation testing. The reason
is that if the manufacturer implies
that the procedures are "safe” and
that decompression sickness "is not a
possibility" then it creates an unreal-
istic expectation on the part of the
user. Likewise, if the manufacturer
publishes the algorithm which is

solved by the computer then his re-
sponsibility is that the computer
solves the algorithm rather than that
the computer prevents all decom-
pression sickness. Decompression
sickness is always a possibility in any
significant diving or pressurc cxpo-
sure.

Conclusion

Although the guidelines proposed by
the UHMS Workshop on Validation
of Decompression Tables are di-
rected primarily at development of
conventional tables by diving organi-
zations, thev offer a useful set of
principles for ethical and acceptable
introduction of new tables that can
apply equally well to dive computers.
They suggest critenia and an organ-
izational mechanism for determining
when validation testing is needed.
and provide a means of putting new
procedures directly into field practice
when they are interpolations based on
previous experience. The guidelines,
as the collective opinion of the
leading researchers and administra-
tors dealing with decompression, are
highly defensible.  Their use is
recommended for all decompression
development.
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Discussion of the presentations

E.O Thalmann: What 1 can sav
that I did not sav before. is that in
the USA for all the vears that we
are collecting these reports and
cmergency phone calls we had
only 3 cases of computer failures
that blacked out or something like
that

C. Wachhelz: Yes. what has been
said that we don't have enough
information to point out in what
one computer differs over another
1s true at this time. In fact. we don't
know how many computers are
being dived, which manu-
facturer them and in what quanti-
ties.

W. Sterck: That could mean that
since the incidents of decompres-
sion sickness made with dive
computers are apparently so low
we could even recommend the
least conservative for the longest
bottom time dives and get away
with it. Is that the actual state?

A. Marroni: The incidents of DCI
seem low as a matter of fact inde-
pendently of what vou dive with.
Its a rare event and that's why I go
looking for it. This is one thing.
Then there are a few considera-
tions that appear to be relevant that
happened to come up from many
of us, but even if we consider the
things from many different points
of view that leads us to say that it
appears not to be truc that this
current approach to the develop-
ment of decompression science
should be withdrawn. It seems
simply not true that the new tech-

nology is not as safe as the older
tables.

E. Thalmann: When we start
talking about DCI risk level
quickly, e.g. the level that was
observed in the North Sea, [ think
that we got to be careful to find out
that the reported incidents of DCI
may be different than the actual
incidence rate for the reasons that
have nothing to do with bubbles.
So a very low reporting rate
doesn't necessarily mean that a
computer algorithm has a low
expected incident rate.

A.O. Brubbak: One of the ob-
vious advantages of a computer
like this is what the modern svstem
does in making a record of what
actually is going on. So, more or
less educated people will look at it
and say "well, is this really what I
did?" and I think people's percep-
tion on what they believe to do and
what they actually are doing is
totally different, that's one thing.

Another thing is that [ feel wor-
ried when I talk with people who
dive a lot and ask them very
closely what they feel after de-
compression. There are a lot of
people who describe all kinds of
aches, symptoms that do actually
not give rise to treatment of de-
compression sickness. This arises
of course the question what one
should do and that is probably the
danger of the computer, that gives
you the feeling that it is safe to go
to the limits of the tables that we
have and we all know that these

tables more or less break down in
cases where we go to the limits [
think that is probably the danger
That would perhaps be where we
should attack and trv to incite on
what is the reasonable approach to
sports diver’s diving behaviour,
what kind of advice should we
give them? Perhaps the advice
should be "do not use decompres-
sion dives at all".

J.L. Meliet: From the pictures that
we have seen this morning from A.
Marroni and M H. Hahn. it seems
Iike dive computers are not unsafe.
It does not give more disease
cases. But we have seen a lot of
evidences that on most multi-level
dives and on repetitive dives vou
do get more time in the water. That
is simply analvtic as that we saw
from Finland. If yvou would agree
with me that more time spent in
the water rises the risk for DCI. the
answer must be somewhere else
than in the computer for having no
risk of DCI and what is the answer
then, when more time in the water
gives a higher risk for DCI?

S. Daniels: We got the question of
modifving the dive computer
slightly. there is no reason to be-
lieve that you improve the inci-
dents of 0.1% to sav 0.02% on a
small modification. You may have
0.1 to 10% and all the experimen-
tal evidence suggests that it is a
fairly unstable system and that
such a change is what you would
expect.
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Round Table on Controversial Topics

Participants:  Brubakk A.O., Bihimann A.A,, Daniels S., Hahn M.H., Hamilton R.W., Marroni A,
Meliet J.-L., Nishi R.Y., Thalmann E.D., Wachholz C., Wendling J. (Chairman)

Introduction

There is a general consensus that about 85% of the divers from Malta, Switzerland, Germany, Italy are
using dive computers. In all other countries the use of dive computers is increasing as well,

Dive computers are used as standard tools in research laboratories, for teams revising or creating diving
tables, in sports diving and, rarely in professional diving, but even there indications for some special
conditions exist. Therefore the aim of the actual workshop cannot be to discuss, whether dive computers
were a benediction or rather a devil tool. We have to accept that spert divers use the computer but we -
doctors - may have some objections in the way they use it.

The following questions answered and discussed by all of the participants focus on some of the typical
problems sport divers face in using the dive computer.

Question 1: Multiple level diving with dive computers

a) Do the participants think that this type of dive profile
- should be forbidden in general?
- would only be acceptable for selected types of dive profiles (for instance asymmetric V-
shape profiles)?
- should be allowed without any restrictions?

b) In rough sea conditions decompression stops can be performed at depths of 7 to 4 meters
instead of 3 meters using computers which adjusts the decompression time according to the
unusual decompression level. Do the participants accept that this is a help for safer diving or
do they have objections?

Time

i g
A °
4

Rectangular profile
(Table standard)

irregular profile

Asymetric V profile (muttilevel)

(Muttilevel)

A.A. Bithlmann: I have no objec-
tions to multi-level diving with the
computer. The computers calculate
the decompression with the actual
depth, if vou take 7 meters it will
calculate the 7 meters and give
adequate correct decompression
instructions.  Therefore, decom-
pression stops on unusual levels

are acceptable as well.

E. Thalmann: [ cannot answer
this question without knowing
what the algorithm is. A good
model should not require any
restrictions. If the model is good,
there should be no objections to
multi-level dives. Although I
would say, like Dr. Bithimann, that

a good model should allow you to
take vour last decompression stop
where vou want it and the risk of
decompression sickness should be
the same no matter where that stop
is taken.

RY. Nishi: | agree with Dr.
Thalmann. There should be no
restriction, but I think that what
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the diver needs is better education
on how to use the computer prop-
erly. For example staying at 7 to 4
meters  during  decompression
would be good as long as the diver
understood to stay at 7 to 4 meters
and decompress correctly. This is
the kev for safer diving with dive
computers.

A. Marroni: There should be no
restriction even if the V-shape, and
even better the asymmetric V-
shape profile, might be recom-
mended as a procedurc. Decom-
pression diving for recreational
divers should be discouraged in
general and specially when the sea
is very rough aware recreational
diver should avoid diving, but in
the case he dives, the computer
would take over and calculate the
stops appropriately.

A.O. Brubbak: [ think [ agree
with most of what has been said. I
cannot see any reason why there
should be any restriction. For the
second part of the question, it is
difficult for me to take a position
because I think, for those cases a
different model for calculation of
deeper decompression stops would

be required, which probably could
not calculate the stops at time
accurately enough. So it would on
no condition be safe. If a computer
does it well, yes, let it do the cal-
culation.

S. Daniels: There is no point to
put restrictions on dive profiles.
Decompression stops in rough seas
are foolish in my opinion, but
nevertheless let the machine cal-
culate them.

M. Hahn: [ would make no re-
strictions for multi-level diving,
neither for unusual decompression
stops if the algorithm is capable of
doing the calculation well. Other-
wise it should be mentioned in the
instructions for use if the decom-
pression algorithm 1s considered
not to be safe enough in that case.

J. Meliet : I am not sure that "no
restrictions” would be a good
solution because there are biologi-
cal restrictions, which are specially
important in the case of repetitive
diving. I therefore prefer the pre-
scription of a V-shape dive profile.
If the model allows spending
decompression stops at 7 meters

why not use 1t for the eventual
case.

R.W. Hamilton. As long as the
diver tends to turn his bramn off
when he tuns his computer on we
might need restrictions. [ tend to
agree with Dr. Meliet with the
second choice, that 1s the prescrip-
tion of a V-shape profile. If. rather
than having it being unrestricted.
vou define a multi-level dive as a
dive m which the deepest part of
the profile is first, then you can do
those without restriction. 1 agree
that the use of unusual decompres-
sion stops can be done with the
help of a good computer and that
this could increase safetv under
special conditions.

C. Wachholz: I would recommend
no restrictions concerming dive
profiles. There are some situations
where one might need to go deeper
Jater mn the dive. There are mamny
vanables and factors and I am not
even sure that manufacturers could
cover all the bases, all the possible
problems that vou would want to
restrict. %

following ways:

computer indications.

Question 2: Repetitive (multiday) diving

An increasing number of divers is performing repetitive dives, specially during holidays in tropical
sites, far away from treatment facilities. No limit diving is offered by many dive masters. Does the
computer help to make that kind of diving safer or should it be restricted, for example in one of the

- More than one repetitive dive within 24 hours should not be allowed.

- The diver should add 50% or 100% to the DECO stop-times of the first dive in order to reduce
primary bubble preduction to a minimum. The following dive could be performed following the

- The diver can do the first dive normally following the computer indications but should be warned
to use the dive computers informations for the following dives, because, due to the bubbles in the
circulatory system, the algorithm calculating on a dissolved model is not correct any more. What
corrections would you suggest (calculating perfusion changes due to silent bubbles)?

C. Wachholz: T don't see there
should be a restriction to one
repetitive dive within 24 hours.
This is not going to be followed, at
least in the recreational commu-
nity. People want to make more

dives and they are just going to.
That should be accepted. The diver
should however be instructed to
make progressively shallow dives
after the first dive and not to dive
more than 3 or 4 times a day,

things that we are promoting
through DAN currently.

R.W. Hamilton: As the US Dive
Computer Workshop of 1991
shows this topic has somecthing
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from the American football called
“punt” which sumply means they
did not really definitively answer
this mmportant and interesting
question. [t requires special studies
because repetitive diving means
too many different things and vou
cannot do it in a unrestricted way.
If vou go out and do muitiple 40-
meter dives quickly with very short
intervals between them, vou are
going to get into trouble. We pretty
well agree with that so to be unre-
stricted is not realistic. It requires
some education.

To restrict repetitive diving to a
single repetition would improve
safety but there are sometimes
reereational  situations,  certainly
also some scienufic situations,
where vou need to do more repeti-
tive diving. Then vou try to do it as
conservatively as possible. You
night add some J-factors on the
first dive so that it would make the
sccond onc better. which cor-
responds to yvour second proposal.
The decompression models of the
computers do not deal with bubble
formation as an item at least at the
present stage and therefore the
only way to dive safely in a repeti-
tive way is to add J-factors to
irnitate bubbles, sc the calculation
can follow the model.

J. Meliet: [ totally disagres with
the solutions modifving either the
first or the following dives. If you
give a computer to a diver. you
should not tell him to do free stvle
computing in his head in place of
the computer. So I prefer the more
logical way of restricting repetitive
diving to a defined number of
repetitions following the safety of
vowr computer algorithm and
svstem and corresponding to the
diver you selt vour computer to. So
vou could even produce and sell
computers being able to calculate
for only 3 or 4 dives in a dav.

J. Wendling: The proposals
2 and 3 for modifving the way of
using the computer indications are
not necessarily recommendations
for the diver himself. it could be
recommendations for the producer.
They are thought as ways how to
adapt, how to make things go
better or safer

M. Hahn. If the manufacturer has

the feeling that today’s knowledge
1s not enough to have equal risk for
many exposures in a day. he
should state that each exposure.
each ascent adds to the risk and so
keep it as low as possible. How-
cver no J-factors or what ever else
should be applied. otherwise the
use of the computer would be
useless.

S. Daniels: I think we have to be
practical. I cannot imagine being
told if I would do 3 or 4 dives in a
day. Therefore the first proposal is
not realistic. I also reject the sec-
ond proposal, modifving de-
compresston time of the first dive
to imitate silent bubble production.
1 just don't believe that it would be
possible to stop bubble production
essentially adding S50 or 100% to
the decompression times. We
therefore need to go towards the
third sotution. We need to do a lot
more work to allow the manufac-
turers to correct the algorithm of
the machine to compensate for the
effects of bubble production.

A.O.Brubbak: [ agree with
Hahn. Oune should recommend not
to do repetitive diving and if vou
do it, do it as well as possible. The
first advice is therefore the best.
You cannot prevent divers from
doing more dives but vou can
certainly give them advice. 1 don't
think furthermore that adapting the
algorithms or interpretation of the
computers following the second or
third proposals would add much to
the safety of repetitive diving.

A. Marroni: Multiple repetitive
dives are actually largely done in
recreational area, especially by
scuba instructors. They will not do
it less just because it is not reom-
mended but they will continue
doing it because it is their work.
Thev should be informed that
multiple multi-day diving is a little
more dangerous than diving with-
out at least some intervals, let us
say every 24 or 36 hours, as it has
been brought up recently in nu-
merous workshops. The proposals
for modification of the computer
indicated procedures are accept-
able as recommendations for
manufacturers but under no cir-
cumstances these recommenda-
tions should be offered as a basis

RounD TABLE ON CONTROVERSIAL TOPICS

for personal real-time interpreta-
tion and mterpolation of the data
by the diver. this is dangerous.

R. Nishi: The advantage of the
dive computer 1s that it allows
doing more than one dive in a day.
You cannot restrict that. For the
diver to modify the first dive. there
1s no way for the diver to make a
proper judgement on how to im-
prove his own situation. So I don't
agree with the second proposal.
The third proposal might be a
possibility. but the correction
should be performed by the algo-
rithm so that the diver can follow
the computer displays without
wnterpreting them.

E. Thalmann: If the computer
doesnt give a good advice the
diver should not be using it | can't
answer the question how to correct
for multiple diving without know-
ing what the algorithm is. but if the
computer is not giving the diver
good advice from the time he turns
it on to the time he fumns it off,
then he should not dive with it.

A.A. Bablmann: The first pro-
posal (only 2 dives a day) is un-
realistic. the second is dangerous.
the third part is possible. We have
the same tendency with the de-
compression computers as with the
table: we become more and more
conservative. If we have a conser-
vative modern  decompression
computer the diver can do the first
dive normally and then he can
make the repetitive dives according
to the computer (supposing it has a
good model for repetitive diving).

R.W. Hamilton: Dr. Arntzen has
shown in his presentation (EUBS
Congress Proceedings 1992 p. 187
f¥) bow the adaptation of the algo-
rithm might be done. In other
words, vou hold, you freeze the
outgassing of the diver for a few
minutes at the end of the decom-
pression time... That is only one
technique for making the model do
what it 1s supposed to do. <
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Question 3. Risk of a patent foramen ovale (PFO)

Let's take a diver who had a decompression iliness after a correctly performed dive and there is clear
evidence and proof of a PFO. How could a dive computer help this diver to increase his individual

safety?

- He should not dive any more.

- He might only do no decompression dives and for that purpese use the dive computer in a usual

way.

- The diver could go back to dive safely if the decompression stress at any moment would be below
the bubble growth threshold. Software adaptation for those cases could be easily done by the
manufacturer. Should we stimulate the manufacturers to offer such adapted computers or com-
puter modes for the special cases?

Dr. Hahn was so kind to calculate and present me a set of possible tables with a thresheld of 1.0,
which shows that it is not very realistic to go diving with such a table. However, if we accept a bubble
threshold of 1.4, (which is a quasi consensus of the UHMS Workshop...) it looks somehow more real-
istic. Calculated on that base, tables would allow a diver who really wants to dive, to go back to the
sea but performing very conmservative and not very deep dives which however are still realistic

(see fig 1). Should we promote that kind of adaptations?

Threshold 1.4

37 ‘decompiession

Threshold 1.4

30" decompiression

C-r 0 -
of
|
20 \ 20 4 /
\ 27 m i
| oit consumption:
30 | = 2,6 m’(15 11ank) 30
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=25 m’(151 tank)

—
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20

50’ Tirne
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Dive profiles calculated for a critical tolerable oversaturation of 0,4 bar (by Max Hahn on the basis of the ZHL 16
algorithm modifying the a and b values. More detailed description follows in Annex I).

A.A. Bithimann: 1 am not able to
answer the question, but the mar-
ket is not big enough to make
special models for calculations for
foramen ovale. There are 30% of
our people with an open foramen
ovale but only some cases with
decompression sickness. In my
opinion if you make a gas embo-
lism through a foramen ovale, it is
not so much a question of the
decompression profile.

J. Wendling: It is an important
question because theses divers

normally are highly motivated and
routined divers. They want to dive
and we just have to decide whether
we can declare them fit to dive or
not. If there was a table based on a
algorithm that avoids even silent
bubbles production, could we tell
them that they can go to dive again
or do we just say no?

A.A. Bithimann: My position is to
say to the individual what he could
do to increase his safety while
diving, but this is not a question
for the manufacturer.

E. Thalmann: My advice is that if
an individual has a patent foramen
ovale and has a history of DCS on
dives where other people do not
get it, he should not dive any more.
Patent foramen ovale is one of
many risk factors for DCS but so
long as it is not associated with an
unusually high occurrence or
severity of decompression sickness
it is not a contra-indication fto
diving. Even if tables of a much
lower risk than normal tables
where used by divers with PFO, it
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1s unlikely that enough data could
be obtained from their use to
distinguish between the increased
table safety and normal variations
in observed incidence of decom-
pression sickness.

J. Wendling: I must stress that
there is a difference between sports
diving and professional diving.
Recreational divers are diving at
their own risk even if we (doctors)
sav thev should not dive. Thev will
do it anvway. So sometimes we
can help them if we sayv: vou
should not dive, but if vou go, do it
in the following wayv....

A. Marroni: There were two
reports on patent foramen ovale
during the EUBS Congress (1992,
Basel) and actually we got evi-
dence that there is no significantly
increased risk for people with
patent foramen ovale. We only
know that many of us have such a
residual of our embrvology and [
would not call it a pathological
aspect as it 1s so frequent (more
than 30%). The normal recom-
mendation should be to perform
only no-decompression  dives.
Diving below bubble-threshold
should be a normal recommenda-
tion to any diver. Regarding the
possibility of having a specially

customised computer where you
could switch to the special pro-
gram, I think it is unrealistic.

A.O. Brubbak: I would have no
objections for going back to dive
even with a patent foramen ovale
after DCS. I don't think there is
any clear evidence that there is a
relation between the risk of de-
compression sickness and patent
foramen ovale. If a diver has sev-
eral episodes of DCS, then he
could perhaps have a misk factor
and that makes the decision more
difficult. Manipulating the table
doesn't work. All my data that I
have from the animal work indi-
cate that even a very low increase
In pulmonary arterial pressure
which we will have with a very low
bubble load will let gas bubbles go
into the arterial side. So vou sim-
ply cannot do that. You should tell
vour diver rather that probably his
risk will increase for having a
problem not only because of a
patent foramen ovale, but because
of the problem related to decom-
pression in general with doing long
deep dives.

S. Daniels: The evidence seems to
indicate that the patent foramen
ovale doesn't substantially increase
the risk factor. So go back to

ROUND TABLE ON CONTROVERSIAL TOPICS

diving without any lumitations.

J. Meliet: For me, diving with a
patent foramen ovale should be
forbidden. because if one has the
knowledge of patent foramen
ovale, one should be aware of the
risk factor and its not allowed to
play with hazards in this case.

A.O. Brubbak: I would like to
make a comment to that. I would
like to make clear that it has not
been defined up to now that the
patent foramen ovale is a hazard. It
might be that it is a hazard but the
present data do not show it.

J. Meliet: Until the proof of the
contrary [ consider it as a hazard.

R.W. Hamilton: I agree with
Brubbak and Daniels that until we
know better, we should go on
without restrictions.

C. Wachholz: DAN generally tells
to the divers to give up diving
when thev had a DCS and patent
foramen ovale. Whether thev do it
or not is an other question. We
bave this position because some
work on patent foramen ovale has
been done at Duke University. **

Question 4: Future modifications of dive computers

We all agree that the ideal computer would give the correct informations about how to behave spe-
cifically how to decompress, even under exceptional conditions. As we observe an increasing ten-
dency towards unconventional dive methods like inwater oxygen decompression or mixed gas diving,
for instance with enriched air, we would be interested to know the opinion of the participants about
what should optionally be modified in the next computer generation. Some evident options are:

a) Adaptation for pure oxygen decompression. Should there be an optional button to reduce the
nitrogen partial pressure in the algorithm for oxygen breathing?

b) Could we even go further and wish an adaptation for mixed gases like enriched air with variable
PN2 (nitrogen partial pressure)?

¢) In case of a catastrophic ascent, the display of the computer display should not be frozen. Most of
the diving computers de not continue giving data on the display although this could be very
helpful in case of a rescue management, mainly for the medical staff.

d) Decompression stress should be displayed in addition or instead of the zero stop time especially in
the interval between repetitive dives. This would give an estimation of where you are on the way
of denitrogenation, which is not possible with giving just time in minutes on a display. deco-stress
means giving some coefficient like it was in the old GERS tables (for instance 1,4 or 1,7) after a
big dive. This would not mean necessarily the exact saturation of a partial tissue or something

precise.
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C. Wachholz;: DAN is not in-
volved in mixed gas diving or
oxygen decompression, thus I
would not comment on that. In
England, there is a computer which
does calculate mixed gases: it
would appeal to enriched air-divers
to use a computer with that capa-
bility. As far as the display options
during a catastrophic ascent are
concerned, I can't see any reason
why the display should be stopped.
The more information the diver
has, the better. If the idea would be
to keep the divers from going back
to the water, [ don't think that they
will behave so. As far as the last
part of the question, I think that if
a deco-stress parameter can be
easily understood by the diver and
used correctly for his safety, it
should be displaved.

R'W. Hamilton: As vou could
imagine from what [ said earlier, I
would suggest a most important
modification of computers and that
1s recording the whole dive profile.
Whether the recreational dive
computers should deal with oxy-
gen breathing and enriched air
diving 1s another question which
depends mainly of the market
strategy. There are two computers
that do calculate for enriched air
diving. Computers that give you
many more capabilities would
generally be too complicated and
cannot be used in what we define
as recreational diving.

Absolutely, the display should
continue the dive logging and
should continue to calculate the
decompression. This was a strong
recommendation of a formal dive
computer workshop. The original
Edge Computer showed gas load-
ings in its graphically display
giving you an idea about the de-
compression stress. For unknown
reasons, the new model does not
include this display any more. I
think it was a good idea to display
it, but if | am not sure that most
people who had that computer
were able to use that information
effectively.

S. Daniels: In an uncontrolled
ascent, the computer should con-
tinue to calculate and display. Of
course, the person should not be
allowed to continue the dive, but it

1s sometimes useful to have infor-
mation for purposes of treatment,
especially for someone who gets
hurt after the dive.

J. Meliet: | also think that the
display should not interrupt. Ad-
aptation for gas mixtures and
enriched air seems more to be for
professional use than for recrea-
tional diving and it is in fact a
question of marketing. If vou
increase the number of functions
that the decompression computer
can do, you increase the risk of
misuse and mistakes as well. So it
is rather an ergonomic problem
than a mathematical or technical
one.

M. Hahn: What concerns adapta-
tion for the case of enriched air or
oxygen decompression, I think that
is a question of marketing policy
of the computer manufacturers. If
these techniques were to spread
among sports divers, the manu-
facturers would be capable of
monitoring this kind of dive. How-
ever, concerning non-regular as-
cent, I would say all vital infor-
mation must be supplied to the
diver in any case, but the registra-
tion of the profile and probably a
specific mark if the limits of de-
compression were  disregarded
should be kept in the memory of
the computer, so it can be reviewed
somehow.

A display of a deco-stress factor is
not necessary because most com-
puter users have a feeling of it, if
the no-d-limit and no-flight-time is
displayed. They would be able to
judge what factor this is about.

S. Daniels: The question about
enriched gas diving made us aware
that there 1s a diving computer for
enriched air diving. I was as-
tonished that recreational divers
would want to use this kind of
thing. In case of rapid ascent, dive
computers should continue to
display and continue to record.
That data could be vital for a
treatment centre.

The deco-stress is not to be indi-
cated on the display. I am not sure
what you mean by that indicator. I
would want to know the gas load-
ing, how many bubbles there were,
what the rate of the accumulation

has been, what the elapsed time
was. The computer cannot calcu-
late the gas loading properly and it
does not measure the bubbles, so I
don't see that as something mean-
ngful.

A.O. Brubbak: One should not
encourage dives with longer bot-
tom times and more complicated
diving procedures for sports di-
vers. Development of such modifi-
cations should not be encouraged.
It makes things more complicated
and | think a recreational diving
computer should be a simple
device. Obviously the computer
display should continue to calcu-
late even in case of irregular as-
cent. Concerning the deco-stress
indication, I have the same com-
ments as Daniels. [ would say that
if vou have the serial zero-stop-
time, that would be enough.

A. Marroni: Modification for
calculating on enriched gases
would not be recommended. This
would imply the risk that one could
use the wrong computer for a
certain dive. It is a problem similar
to the one of using different gases.
In this case for instance, there are
fittings for different gases so that
vou are protected against mistakes.
Unless we restrict the marketing of
these objects to the holders of
certain certificates, the use of such
computers would mean a un-
acceptable risk. Monitoring should
continue in case of rapid ascent.

There are actually dive computers
using deco-stress indicators. The
Edge computers use a display with
bars and there is another, [ think
by Techna, with a little man that
fills up and gets empty again. Such
indications could be a precious
help to the divers.

R. Nishi: Mixed gas diving is not
recommended for the recreational
diver. Perhaps for the professional
diver, procedures such as oxygen
decompression is necessary. [ do
not think that many recreational
divers are aware of the problems
that can exist with enriched air
diving with high oxygen content,
and therefore, I do not recommend
adapting dive computers for mixed
gas for the recreational market. I
support the continued display of
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information in case of an excep-
tional ascent. The displav should
not be stopped. I agree that the
diver has to be told in some way
what he should do in case he has a
problem. The deco-stress indicator
is a nice idea 1f vou can do it prop-
erlv. It would be information that
could indicate to the diver how to
increase the safety.

E. Thalmann: [ would support the
development of computers that can
take enriched gas breathing and
oxvgen breathing into account.
However. this is something best
confined to professional divers and
should not be generally used in
sports diving. An important con-

dition is that the algorithm must
have been tested on enriched gas
mixes, it simply should not be
extrapolated from air diving,
which could be dangerous. Inter-
ruption of display in exceptional
situations is never acceptable.
Decompression computers should
never turn off. Thev could flash a
warning light if conditions warrant
but they should always provide the
diver with decompression advice,
if they turn off they are not useful.

As far as a deco-stress indicator,
vou can display anything yvou want,
a little man, bar graphs of tissue
tension. or a number of some sort.
Unless the algorithm has been
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calibrated to actually computer the
time course of DCS risk. these
things are useless. In most cases
the next zero-stop-time at a speci-
fied depth is probably the most
useful indicator in planning repeat
dives.

J. Wendling: You could also
displav the probabilities according
to vour probabilistic model.

E. Thalmann: Well vou could,
that is quite credible, but that has
not been tested vet.

A.A. Bithlmann: 1 agree with
Thalmann. <

diving?

Question 5: Are there applications for diving computers in professional

Could the diving computers found on the market, or the ones to come, be a help either for the
worker to get more safety or to the employer to get more working time, or are there other argu-
ments for the use of diving computers in the professional field?

A.A. Bihblmann: A diving com-
puter is useful for the professional
diver as much as it is for a recrea-
tional diver. For a tunnel worker. it
1s unnecessary. The tunnel caisson
is managed from the outside and
regarding the professional diver in
a bell he is also directed from the
outside.

E. Thalmann: My comments on
this question are my own and not
the opinion of the U.S. Navv. I
think that every professional diver
should have a decompression
computer. There are some restric-
tions:

1) The computer decompression
advice peeds to be displayed to
topside personnel for tethered
divers.

2) Whatever algoritbm is used, it
must be well tested and the testing
thoroughly documented.

3) The confidence limits on the
algorithm predictions and anv
restrictions have to be well known.

Being able to update the algorithm

based on actual experience is
important. | think the main advan-
tage of using a dive computer
professionally is recording the
actual dive profile. If this informa-
tion is combined with the observed
DCS incidence a method of con-
stantly improving safety is avail-
able.

The diver should atways be able to
get as much time on the bottom as
possible for a given amount of
decompression, if is safe for him to
do so. Bottom time is productive,
decompression time is not. In my
conversations with Navy divers,
the main limiting factors in diving
are fatigue and cold stress. There-
fore the faster the diver can get out
of the water after having com-
pleted his job the better.

R.Y. Nishi: I think that for the
professional diver, a dive computer
could be useful, if controlled from
the surface. Because the diver may
be cold and tired, he may not be
able to excercise correct judgement
to control his own decompression
by computer. So in this case, it

could be done much better from
the surface-support team. For
tunnel work, the computer could be
useful, not for the worker, but for
the wspector who will go into the
tunnel to inspect the job.

A. Marroni: For the commercial
diver, as for example in oil diving,
which is normally run from the
surface, probably the use of a
computer as we see it is not ad-
visable. Scientific diving and
professional teaching activity, as
for example in tourism centres,
have a benefit by using computers.
So we have to define what sort of
professional divers we are speaing
about. What Prof. Bithlmann savs
is very correct, if the diver is in the
water on his own judgement, he is
his master and the computer is
fine: if the diver is not the master
of himself, the computer may not
be useful.

A.O. Brubbak: The most useful
part of decompression computer is
simply that of a recorder, recording
the time and depths which is not
onlv good for professional dives
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and it should definitively be used
more. The ability to calculate
profiles would be less useful for a
professional diver because a large
portion of those jobs will be pre-
planned and the decompression
will be preplanned to some extent,
but the recording and the ability to
get information back to the ones
who are running the dive, that
information is very useful. So
retrospectively we could see for
instance that the ascent was a little
more rapid than was allowed, that
this guy has been jumping up and
down and doing things that are not
recommended. I have to remark on
an important fact that has been
observed many times in practical
work with our professional sites,
where dive computers are used all
the time but with the computer
kept topside to record the dives of
the workers. People look at the
displays and tend to believe what
thev see. When the depth is dis-
plaved 27,34 meters, they think it
is 27,34 meters. In the old days,
they said "well, that is approxi-
mately 30 meters, let's be conser-
vative, use a 31 m-table" and

nowadays they go much closer to
the actual limits. For some reasons
they believe much more what they
see with 2 digits than what they
see as an analog value.

S. Daniels: What Jean-Pierre
Imbert showed us adequately in his
presentation (EUBS  Congress
Proceedings 1992, Basle, p. 203-
205).

M.H. Hahn: I have the same
attitude as Dr. Marroni, it depends
on what kind of professionalism 1t
is applied. There are professional
divers like diving instructors who
use computers in the same way as
recreational divers do. Others,
maybe divers who are operated
from the surface, who don't need
the computer and probably can't
read 1t (zero visibility, welding).

J. Meliet: | would say the same
thing.

R.W. Hamilton: I agree that if vou
have a computer like Imbert says it
would be a big help. I would like
comment that a computer does not
necessarily give you more bottom

time. If you are going down work-
ing at a workside and then coming
back when vou are finished you are
going to get the same result with a
computer or a table, we get maybe
a tiny little difference. For divers
doing an inspection or with a lot of
swimming up and down, the com-
puter could give them much more
efficient decompression than the
tables.

E. Thalmann: [ mean if you hap-
pen to drop vour brush to the
bottom of the harbor at 60 feet and
vou have been on 30 feet all the
day, you are on a 65 feet table -
then the computer may be very
very handy.

J. Wendling: So I would like to
thank all to participants. We came
to a kind of consensus even if the
opinions are not all the same for
everybody, which is not suspected
to be; there is no rough disagree-
ment I think, but we need more
investigations to arrive at stan-
dards. <
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Dive Computer

Algo-

ARNTZEN A.J. GUIDELINES FOR DIVE COMPUTER ALGORITHMS. PROC. XVIIITH MEETING EUBS, BASEL
1992 ISBN 3-908229-00-6. Experience indicates that dive computers, although based on apparently con-
servative decompression models, seems to introduce a increased risk for decompression sickness. An
analysis of the general working principles of the dive computer, compared with the use of diving tables
reveals that there are weaknesses in the dive computers program that may increase the risk of decom-
pression sickness for certain types of dives. Changes to the computers algorithm are therefore desirable.

Introduction

The small dive computers on the
market today have an impressive ca-
pacity. They seem to be able to calcu-
late and displav almost any informa-
tion needed for a safe decompression,
whether this includes stops or not.

Typical information are

- depth

- dive time

- maximum depth

water temperature

minutes left of no stop time at
current depth

information on minimum safe
ascent depth

correct speed of ascent
decompression stops

time at stops

repetitive dive info

automatic diving at altitude correc-
tions

flying after diving info

recall of diving data

- etc, etc.

1

+

Dive computers as such are accurate
and reliable. Experience, however,
has clearly shown that following a
dive computer is no guarantv to avoid
decompression sickness. For certain
dives, and especially for repetitive
dives it seems to represents an in-
creased risk for decompression sick-
ness, compared to many diving
tables.

This is perhaps a bit strange, because
most dive computers are based on de-
compression tables which is sup-
posed to be quite conservative. If we
take a dive computer and compare
the no decompression times for a

single dive with the no decompres-
sion.times on various diving tables
we will see that they are at far more
conservative than the US Navy table,
and more in line with tables like
Royval Navy, Canadian Navy,
Bithimann, PADI and others. The no
decompression times does not tell the
whole story, but to some extend it is
a good guide line.

A sport diver who uses a dive com-
puter will not have to concentrate on
tables, time and depth, because all
the information he needs will be dis-
played for him. An other advantage
is that a dive computer will normally
give more dive time on a typical
sport diver profile. It does so be-
cause it integrates the divers depth
through small time intervals, and
from that calculates the ‘exact"
loading of the various tissues, and
hence the decompression stops if
needed. In this way the dive computer
allows the diver to go to the limit of
the table (i.e. table model) on which
it is based without rounding off the
depth and bottom time to the nearest
greater table values (as the rules are
when using tables).

Based on the difference in ambient
pressure and the immediate satura-
tion pressure in the various tissues,
the computer will make small correc-
tions to the tissue saturation with few
seconds interval. With the high
calculation capacity there is no
problem for the dive computer to
track tissues with 12 different half
times.

Calculation of the desaturation fol-
lows the same well known model
whether the diver is in the water or

during surface mtervals. This means
that the dive computer gives "full
credit” for any reduction in the ambi-
ent pressure less than the tissue satu-
ration. This may be correct if the rate
of inert gas elimination is a function
of the difference between the theo-
retical tissue saturation and the ambi-
ent inert gas pressure. The
algonithms of most diving tables are
based on this assumption.

However, the algorithm has been
gradually changed since the dive
computers first appeared on the
market, resulting in shorter and
shorter "no decompression time”.
This reflects the experience that even
if a dive computer program is based
on rather conservative or safe tables,
it is not as safe as the tables in prac-
tical use.

Discussion

There may be many reasons for this
difference. But it does not mean that
there is always a greater risk for DCS
when diving with a dive computer.
Using one of the newer dive com-
puters for a single dive, with reason-
able work load and what we could
call a "normal" dive profile (no yo-yo
diving) is probably a very safe pro-
cedure.

The basic problem with dive comput-
ers is that the model assume that tis-
sue saturation is a function of time
and depth only, and that desaturation
will follow the same basic principles
as long as the pressure differences
are within given M values or similar
criteria. Such a model is very useful
in table work, because it is easily
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understandable and it allows us to
manipulate the constants to let the
answer match practical experience.

There are much experience to show
that a dive with one or more short
surface intervals, so called "vo-vo
diving" represents a greater risk for
DCS than if the diver had spent all
the time (including the surface inter-
vals) at depth. If you dive with a
table vou will at least let the time run
till the final ascent. But if vou use a
dive computer, vou will get credit for
the short trip(s) to the surface.

Repetitive diving is an other prob-
lem. At surface dive computers will
calculate desaturation in each tissue
according to the model. Because
sport dives are normally rather short
dives the controlling tissues for the
first as well as for the repetitive dives
will have relatively short half times.
That means a quick reduction of the
calculated saturation level m these
tissues, and thus very little penalty
for the repetitive dives.

There is no compensation for the
accumulative effect of repetitive
dives. The magnitude of the accu-
mulative effect i1s most difficult to
predict. The main reason is probably
great individual variation. There is
also reason to believe that relatively
small variations in the previous dive,
such as increased speed of ascent,
heavy work load etc. may give a great
accurnulative effect. On the other
hand, the relatively short no de-
compression times, which has been
shortened several times, reflects the
problem and will to some extent
compensate for both vo-yo diving
and for not considering the accumu-
lative effect on repetitive dives.

When diving on tables we can com-
pensate for variations in each dive.
This is most commonly done by
reducing the actual bottom time
compared to the table time. The
reason for doing so may be heavy
workload cold water, the divers age
or physical condition etc. With a
dive computer this possibility is
much more limited As long as we
are diving within the no decompres-
sion himits we can compensate for
such variations by surfacing while
there is still time left of the no de-
compression time. But if the dive
peeds decom-pression stops, there is
no easy solution.

Recommendations

There are many ways to make tables
or dive computers safer. The most
easy way 1s probably, as we have
seen, to reduce the M-value which
will give shorter no decompression
time and longer decompression stops.
But that puts the same restrictions on
all dives and is therefore not a good
solution. If vou are making a single
dive without surface intervals or
great depth variations, the dive would
probably be safe even to increase the
M-value to some extent, and thereby
the no decompression times.

A better solution would therefore be
to make more logic changes to the
program to compensate for yo-yo
diving and fast ascent rates. The
changes to the program should give
penalty instead of credit for this
(increase in tissue saturation instead
of reduction). The critenna for
magnitude of the penalty should be
based on the tissue saturation com-
pared to depth. A proposed limit for
maximum ascent rate without penalty
is 10 m/min.

To compensate for the accumulative
effect of repetitive dives, the calcu-
lated desaturation of the different
tissues should be slowed down. A
way of doing this is to increase the
half-times of the tissues by a factor
(suggesting 2) as soon as the diver is
on the surface. This will result in
more penalty (time added to the
actual bottom time) after the same
surface interval.

Various external factors like work-
load, temperature etc., as well as
individual variations should also be
compensated for. In order to make
such adjustments as simple as possi-
ble there should only be a limited
number of choices. There should be a
default mode, which requires no extra
action. In addition the choice of for
example two levels of compensation,
which eventually had to be set prior
to each dive. Guidelines for what to
compensate for should be given in
the users guide. The result of
choosing one of the compensation
levels could be that the dive com-
puter used a set of reduced M-values
in the calculation.

The recommendations presented here
is not meant to be a complete study
of what is needed to compensate for

the short comings of the dive com-
puters on the marked today. But it
probably indicates that certain m-
provements are possible without
developing completely new and
complicated programs. I also under-
stand that people in the diving
equipment industry arc aware of the
problems and are considering solu-
tions.

Although much of the traditional
concept of supersaturation is main-
tained in this paper, it is reasonable
to believe that we in the future will
reconsider the validity of this model.
The result may be deeper stops and
slower speed of ascent.
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Comparison of No-stop and Deco Stop
Times of Dive Computers

P. Mattila'

MATTILA P. COMPARISON OF NO-STOP AND DECO STOP TIMES OF DIVE COMPUTERS. PROC. XVIIITH
MEETING EUBS, BASEL 1992 ISBN 3-908229-00-6. A comparison of no-stop and deco stop times of
current dive computers reveals significant differencies between dive computers of different
manufacturers (fig.1 and 2). As a simple "safety index" of a dive computer or a dive table one can use
the sum of no-stop times at different depths (fig.3). Correspondingly one can add the total ascent times
of selected deco stop schedules. If these indexes match with indexes of latest dive tables one can at least
suppose that those dive computers are reasonably safe when making single dives with square profiles.
Another interesting topic is to compare the no-stop and deco stop times on gradually ascending
multilevel dives. The difference between the most conservative and the most liberal dive computer is
astounding (fig.4 and 5). Of course if a dive computer gives clearly shorter no-stop times and longer deco
stop times the probability of DCS is smaller than with a more liberal dive computer. The measurements
were made mostly only ence with a certain dive computer model, so the results should be considered
more as direction giving than exact values. Although comparing different dive computers is interesting
to users and manufacturers we need more research on how safe current dive computers are in multiday
repetitive diving and how long should the no flight time be. Another important area of investigation is
the effect of so called risk dive profiles and how the model should take them into account.

DECO STOP TEST DIVE

Tne
o] 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 S7 60
0.0 ¢ " .

10'0 \ e cennnns -~ PO
‘5o | TolpECD STOPS /
20,0 + \

T ~v o0

NG STOF DISPLAY

i §
T
i i i S SO

30,0 +- -k ..

Fig. 1 Test dive with 4 dive computers. The first series of arrows (about 27 m depth) shows the endpoint of
zero stop time of the different devices. the second series (between 10 — 5 m) shows the end of deco
stop time. Typically for realtime logging devices the end of deco time may be displayed even before
arriving to the indicated deco level, because offgasing begins much deeper. Note that the difference
between “DC-11" and “Sol” is about 2:1. DC-11 = Scubapro, MB = Dacor MB Pro. AP = Aladin

pro. Sol = Sununto Solution
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COMPARISON OF DIVE COMPUTER DEC TIMES ;
: i i
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: I Time __|Depth
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Fig. 2 Table of displayed times during the dive of fig.

~

DIVETABLE AND COMPUTER COMPARISONS
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Fig. 3 Comparison of No Stop times of three dive tables and six dive computers
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Fig. 4 Gradually ascending multilevel dive profiles used as a tesr in a repetitive dive
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Fig. 5 Desaturation time and no flight interval afier each of the repetitive
dives of fig. 4

"The Finnish Society of Diving and Hypebaric Medicine, Dive Computer Workgroup, Helsinki, Finland.
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Dive Computers and Commercial Diving

J.P. imbert’

IMBERT J-P. DIVE COMPUTERS AND COMMERCIAL DIVING. PROC. XVIIITH MEETING EUBS, BASEL 1992
ISBN 3-908229-00-6. The dive computers and their success in recreational diving have been ignored by
commercial diving. The reason is that the diving procedures are different, and Comex attempted to de-
sign a system specifically defined for commercial diving, that is named DIVA.

The tables available in DIVA are not computed on line but drawn from a data bank of official tables.
The dive parameters can be fed directly from a diver's monitoring system or simply typed in by the
diving supervisor as in a normal diving log. The system allows a better control of the dive profile but also
assists in computing deviations to the normal procedures such as altitude diving, nitrox diving, split level
diving or repetitive diving. The system is now under evaluation on worksites. It benefits from the present
interest of operational people to computer techniques and the large availability of personal laptops.

Introduction

Diving computers are good pieces of
conversation. Their recognized ad-
vantages are

- thev replace the old watch and
depth gauge system,

- thev eliminate the need for taking
decision on the decompression.

- they allow fancy diving profiles
with multi-levels, longer bottom
times or repetitive dives.

Diving computers have invaded the
recreational diving world but not the
commercial one.

The limit to their progression is
neither the tradition nor a narrow
minded attitude towards computers.
Commercial divers have already
proved their capacity of adaptation
and have integrated all sort of elec-
tronics, such as monitoring systems
or dive recorders. However, when it
comes to the decompression, they
have their specific requirements.
Most of the time, offshore divers

- don't use watches and depth
gauges,

- don't take decision on tables,
- don't do fancy diving.

Although the way they dive is dif-
ferent, they understand that dive
computers are convenient to use and
thus may contribute to the overall
safety. Comex attempted to define

what could be the specifications of a
commercial dive computer and pre-
sented a first tentative model, the
DIVA svstem.

Specific character of com-
mercial diving operations

Commercial diving procedures have
specific constraints that make the
eventual use of a dive computer
different. These constraints refer in
this paper to the North Sea standards
of diving and may differ from other
professional diving activities, in
other locations (Hardy 1988).

The first difference is the dive proce-
dures. SCUBA diving is not con-
sidered as a professional method of
intervention. What is associated with
freedom and ease by recreational
divers is regarded as unsafe practice
by professional divers the gas supply
is lumited, there is no communication
to conduct the job and no hink with
the surface in emergency. When it
comes to surface diving, commercial
divers use umbilicals and diving
baskets. The umbilical provides an
unlimited gas supply, communica-
tions, heating, video camera and a
solid link in case of trouble. It also
allows monitoring of depth and time.
Even if the Rolex watch has become
a status teller for offshore divers,
they do not really need it. It is the
supervisor who logs the different
phases of the dive and monitors the
depth using a pneumofathommeter.

In commercial diving, the dive
monitoring function is directed from
surface and there is no need for any
wrist gauge or indicator.

The second difference is the dive
responsibilities. Commercial diving
philosophy relies on the diving team
organization. The basic assumption
is that the responsibility of the dive is
taken over by the diving supervisor.
He is the one who monitors the
diver's depth and time, selects the ta-
bles and controls the decompression
stops. No imitiative is left to the diver
whose only responsibility is the
conduct of the job. This philosophy
implies that if any dive computer was
proposed, it would have to be de-
signed as a help to the supervisor.

The last difference comes from the
tables. In some countries, like m
France, the tables are published i
the diving legislation and becomes
statutory requirements. In others,
because of the emplover's liability,
the diving company must use well
referenced  decompression  proce-
dures, such as the US Navy ones, to
demonstrate that they do not expose
their employees to any undue risk. In
both cases, there is little flexability in
selecting the decompression
schedules, which must belong to
official or approved tables. The
svstem does not allow for interpola-
tions and extrapolations because each
dive must be referenced to a printed
document. The implication is that on-
time calculation is not conceivable in
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commercial diving, because the
principle is to look up in documents.
A commercial dive computer should
work from a databank. providing
easy access to accepted protocols
than a real time calculator.

Specific needs of
commercial diving

Momtoring systems have been de-
veloped for deep diving operations,
others have been designed for the
control of the saturation svstems
(Imbert et al. 1991). Although the
basic structure of diving operations
follows the "man in the loop" princi-
ple and never relies on electronics
only, it 1s well recognized that com-
puters could efficiently assist the
conduct of the operations.

The first obvious advantage could be
to save on the site documentation.
Diving manuals usually come in large
format and heavy binders and there is
no wav to reduce their thickness
because the site requires documented
procedures for a large span of situa-
tions air or mixed gas diving, surface
supplied or bell diving tables, normal
or emergency situations, .. It Is
recognized that the hundred of de-
compression schedules printed could
be easily stored on a 3" disk, saving
both the rain forest recession and the
supervisors' complaints.

Another potential interest would be
the efficient determination of the dive
conditions. Computer can be easily
interconnected and it makes sense es-
tablishing a link between a diver's
monitoring system and a decompres-
sion monitoring system. However, it
must be admitted that a monitoring
system 1s quite an expensive equip-
ment to buy and maintain. Its use is
restricted to large projects or perma-
nent installations such as DSV (and
DSV don't do much air diving opera-
tions). Therefore, the practical impli-
cation of such combined systems is
expected to remain limited, except
perhaps for diving equipment with
built in monitormg functions
(Lemasson Y. and J.C. Le Péchon
1991).

The important application of dive
computer could be the accurate se-
lection and comtrol of the decom-
pression schedule. A survev per-
formed on Comex dive reports has

shown that manv mustakes are made
in subtracting the time of descent to
the time of ascent, to calculate the di-
vers' bottom time (around 1%).
There, a computer would give 100%
reliability. More rarely but still a
problem, errors are made mn the
selection of the comrect schedule
(stops time are read on the wrong line
or deep stop are forgotten). These are
mherent drawbacks of document
reading that could be eliminated
when done by a computer.

The last possible application could
be the calculations required for the
adaptation of the procedures. This
includes the determination of
equivalent depths or bottom times for
nitrox diving, altitude diving or mud
diving. It also includes mew proce-
dures for the determination of multi-
levels diving decompressions that
have become frequently used for
mnspections works. In addition, the
svstem could provide assistance on a
variety of calculations such as gas
mixing, partial pressure, percentage,
units conversion.

Development of the DIVA
project

The idea behind the Comex DIVA
project was that a dive computer
would minimize the human factors
and thus improve the overall safety
of the offshore operations. It also
would save time and help the diving
supervisor in his task. The system
was defined with the following speci-
fications.

- The first problem was to chose a
support. ’

Commercial divers spend long stand-
by periods on sites and many fancy
computers as a hobby. It has now
become usual to see a portable com-
puter in a dive control room. The
supervisors run word processor
softwares for writing their reports, or
a series of home made programmes,
which they use to manage the gas
stocks or the helmets maintenance
programme. It is a new fact, but
computers are well spread on sites
and the people have learnt how to use
them. These personal computers were
chosen as the frame for the develop-
ment of DIVA, which imposed strict
limitations on the hardware (low
speed 286 processor, small memory

and available disk space, no mouse}.

- The second problem was to define
the ergonomy.

We know by expenence that the
man/machine nterfaces are critical
for the users' acceptance. For one
thing, DIVA was constructed with
nice colorful screens. Then, because
the end users were suspected not to
be very keen in reading a manual, all
the documentation was built n the
software. Finally, all the mputs were
designed to minimize typing. A lot of
information became available as
select menu or "F kev" functions.

- The last problem was to define the
procedures to include in the system.

Fortunately, the DIVA project came
along with the publication of the new
French diving legislation (Décret du
28 Mars 1990) that contains a com-
plete set of diving instructions and
tables. These official procedures
were integrated into the system files
and provide air diving as well as
mixed gas diving instructions that
can be used without any commercial
reference or hability.

The technical difficulties related to
these dive computer specifications
made the delight of smart voung
computer engineers who finally came
out with the adequate prototype,
which includes a blend of database,
optimization techniques and expert
system technologies.

This validation process or "Beta test”
was handed over to Comex opera-
tional personnel. The system has
been sent to Comex worksites in June
1992 for evaluation and up to now
has received a warm welcome. The
system is expected to be operational
and become commercially available
next year.

Conclusion

After conducting the exercise of
defining the pro's and con's of dive
computers and their possible appli-
cation to commercial diving, the
answer came as a system quite dif-
ferent from the ones used in recrea-
tional diving. This system does put
the emphasis on the monitoring of
the dive profile nor the selection and
computation of the decompression. It
is adapted to the structure of profes-
sional diving which is based of a one
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man in charge at surface of all the
operations. Because of the heavy
responsibilities of this man, diving
computers can assist him cfficiently
and are expected to develop. They
will never take anyv decision or be
given the function of the automatic
conduct of the dive. Their role will be
mainly to provide information, assist
in selection and control of proce-
dures. However, doing this. they will
relieve the supervisor from minor
tasks that require attention and allow
him to concentrate on the overall
progress of the dive. thus improving
safetv.

1 . .
Comex Services. Marseille, France.
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Decompression Tables for Tolerable Oversaturatin 0.4 bar

No-Bubbles - Decompression Tables

M. Hahn, J. Wendling

Introduction

The bubbles appear, as we know
from doppler monitoring of
divers, even after uneventful dives
following the usual decompression
tables. The number of bubbles is
proportional to the decompression
stress at the end of the dive. This
means that even after no-decom-
pression dives a large number of
bubbles may appear while after a
longer dive needing a decompres-
sion stop bubbles can be almost
absent when the ascent was verv
slow and exceeding decompression
stops have been performed. There
1S a consensus among specialists
that the most dangerous svmptoms
of decompression sickness, namely
the cerebral symptoms arise from
embolic bubbles. These embolic
bubbles may get into arteries
through different pathways, one of
which is possibly the one through
an open foramen ovale.

The way of bubble development,
growth and transport has been
studied by many research teams.
During the UHMS workshop on
the physiological basis of decom-
pression (ed R.D. Vann, 1989)
there was a quasi-consensus that
threshold over-saturation for bub-
ble release to the circulation would
be about 1.4 which means 40%
over-saturation  (thermodynami-
cally speaking ). So we wanted fo
test whether diving tables specially
calculated on the basis of a re-
duced threshold will still be useful
for sports diving.

Rationale:

On the basis of three highly de-
bated hypotheses we decided to
calculate a set of tables which
should on a theoretical basis per-
mit the divers to dive without
producing  circulating  bubbles
during and after decompression.

1. The patent foramen ovale is a
haemodynamically  possible
way of bubble shunting from
the right to the left side of the
heart thus by passing the lung
filter. The importance of this
frequently found anatomic
variation (30%) is not vet
clear, however it remains a
possible way to explain neu-
rological decompression sick-
ness after correctly performed
dives. If we have diving tables
which would guarantee that
there are no circulating bub-
bles after decompression or
during the decompression
phase the presence of a PFO
would not be an argument any
more to declare a diver unfit to
dive.

2. The presence of a gas phase
within the circulation in form
micro-bubbles does influence
the gas washout of the bodv
after a compression phase.
This is a main criticism against
the value of the perfusion
limited decompression model
used by Haldane, Workman,
Dwyver and Bithimann for the
calculation of diving tables. If

we calculate the tables i a
way that there are not even si-
lent bubbles in the circulation,
the algorithm would be much
closer to reality and thus more
credible.

The fact that the majority of
decompression  disorders are
seen i divers that have per-
formed an uneventful dive
following the accepted tables,
means that the susceptibility is
very  difficult to determine
from known values (see prob-
abilistic approach). The main
factor inducing an unforesee-
able variable in the physiology
of the diver i1s probably the
presence distribution and -
gration of  micro-bubbles.
Avoiding the presence of mi-
cro-bubbles in the ciurculation
the remaining susceptibility of
diving individuals would be
much more homogeneous.

2]

The tables:

The following tables are calculated
using a software for implementa-
tion of the 16 tissue model of
Bihimann 1986. The parameters
are modified corresponding to a
tolerable over-saturation of 0.4 bar.
The calculations arc done on the
assumptions of

- altitude 0 m, breathing gas:
air. respiratory minute volume
20 Vmin, ascent velocity
10 m/min.
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Decompression Table for Tolerable Oversaturation 0.4 bar

Depth | Bottom Decompression stops Asc. Air- |
time (min) Time | Cons.
(m) [(min) | (m) (min) | (m%) |
27 24 21 18 15 12 9 6 3 i
9.0
25.0 0.90 0.98
50.0 11190 1.96
75.0 i i 1 1.90 292
1000 | 2| 290 2.90
12.0
18.0 31420 0.91
36.0 51620 1.76
540 , 8!l 920 263
720 ; 11l 1220 3.51
900 | 141 1520 438
15.0 | '
16.0 | 51650 0.98
32.0 3 81 1250 1.96
48.0 4 12| 1750 2.90
64.0 6 161 23.50 3.87
80.0 7 211 29.50 4.84
18.0 ;
10.0 4l 580 0.2
20.0 4 12.80 1.50
30.0 1 6 10| 18.80 2.24
40.0 2 7 14| 24.80 2.98
50.0 2 9 171 29.80 3.68
60.0 3 11 201 35.80 4.43
70.0 4 12 241 41.80 517
80.0 4 14 27 46.80 5.87
21.0
6.0 3] 500 0.52
12,0 4 5| 1110 1.08
18.0 2 4 8] 16.10 161
24.0 3 6 10] 2110 2.14
30.0 4 7 131 2610 266
36.0 ] 4 9 15] 3110 3.20
42,0 ] 5 10 181 3610 372
48.0 ) 6 12 20] 4110 425
54.0 ) 7 13 231 46.10 4.77
60.0 1 3 14 251 50.10 5.27
24.0
5.0 3] 540 0.51
10.0 4 51 11.40 1.03
15.0 3 5 7] 1740 1.57
200 1 4 6 10| 23.40 211
25.0 2 5 7 13| 2940 2.64
30.0 3 5 9 15| 3440 3.15
35.0 3 6 11 18| 40.40 3.67
40.0 4 7 12 21| 46.40 4.20
45.0 5 8 13 241 5240 4.74
50.0 5 9 15 25| 56.40 521
55.0 6 9 17 28| 62.40 5.74
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Decompression Tables for Tolerable Oversaturatin 0.4 bar

27.0
5.0 sU770 0.61
10.0 2 4 6] 14.70 1.21
15.0 2 4 5 9l 2270 1.86
20.0 3 5 7 12| 2970 2.46
25.0 1 4 5 9 15| 3670 3.07
30.0 2 4 7 10 19 44.70 3.70
35.0 2 5 3 12 221 5170 430
40.0 3 5 9 14 25| 5870 490
45.0 3 6 10 16 281 6570 | 550
50.0 3 7 11 18 310 7270 i 610
30.0
6.0 4 4] 1100 0.84
10.0 1 3 4 7, 1800 146
14.0 3 4 6 10| 2600 1.99
18.0 2 3 5 7 15| 33.00 2.56
20 3 4 5 10 16| 41.00 315
26.0 1 3 4 7 1 190 4800 372
30.0 ] 3 5 3 13 221 55.00 427
33.0 1 3 s 9 14 240 60.00 468
36.0 ] 4 6 10 15 26| 65.00 5.09
39.0 1 5 6 10 17 28| 70.00 5.30
42.0 2 4 7 12 17 31 76.00 5.94
33.0
6.0 | 4 5| 1330 0.96
10.0 2 4 5 8| 2230 1.62
14.0 2 3 4 7 12] 3130 228
18.0 3 4 5 9 15| 4030 2.96
21.0 3 4 7 10 18] 4730 3.46
24.0 2 3 s 8 11 20! 5230 3.89
27.0 3 3 6 8 13 23] 5930 43
30.0 3 4 6 10 14 25| 65.30 4.86
33.0 3 5 7 10 16 28] 7230 5.36
36.0 i 3 5 7 12 17 310 79.30 5.87
36.0
6.0 3 4 511560 1.10
10.0 1 3 4 5 10] 2660 1.85
14.0 ] 3 3 s 8 131 36.60 259
18.0 3 3 4 6 1 17 47.60 3.36
21.0 1 3 3 5 8 12 20| 55.60 3.93
24.0 1 3 4 6 8 14 231 62.60 444
27.0 2 3 4 7 10 15 26| 7060 5.02
30.0 2 3 5 7 11 17 29| 77.60 552
33.0 2 4 5 8 12 18 32! 8460 6.05
39.0
6.0 1 3 4 61 17.90 123
10.0 2 4 4 6 1] 3090 2.09
140 2 3 4 6 8 151 4190 2.89
18.0 2 2 4 5 7 12 19] 54.90 3.78
21.0 2 3 4 6 8 14 23| 63.90 438
24.0 1 2 3 s 7 9 16 26| 72.90 5.02
26.0 1 3 3 5 7 1 17 29| 79.90 5.47
28.0 ] 3 4 5 8 12 18 311 85.90 5.89
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Decompression Table for Tolerable Oversaturation 0.4 bar

42.0
6.0 2 4 4 71 21.20 1.40
9.0 3 3 4 6 11} 31.20 2.08
12.0 3 3 3 6 8 151 42.20 2.81
15.0 2 3 3 5 7 10 191 353.20 3.54
18.0 1 2 3 4 5 9 13 22| 63.20 422
20.0 1 3 3 4 7 9 14 25| 70.20 4.69
220 2 2 4 5 7 10 16 271 77.20 5.17
24.0 2 3 4 5 7 12 17 30| 84.20 3.63
45.0
6.0 3 4 8! 2350 1.53
8.0 3 3 4 6 i1y 3150 2.05
10.0 3 4 5 8 141 40.30 261
12.0 2 2 3 4 6 10 16 | 47.50 3.11
14.0 3 3 3 5 7 11 201 56.50 3.67
16.0 1 3 ‘3 4 5 9 13 22| 64.50 4.20
18.0 2 3 3 4 7 9 14 251 71.50 4.6%
20.0 1 2 3 3 5 7 10 17 281 80.50 5.25
22.0 1 2 3 4 5 8 12 17 31| 87.50 5.72
48.0
6.0 2 3 3 6 91 27.80 1.75
8.0 2 3 3 4 7 121 35.80 2.30
10.0 1 3 3 4 3 9 151 4480 2.87
12.0 3 3 3 5 7 10 191 54.80 3.49
14.0 2 2 3 4 5 8 i3 21| 62.80 4.03
16.0 1 2 3 3 4 7 9 14 25| 72.80 4.66
18.0 I 3 2 4 5 7 10 17 27 | 80.80 5.20
20.0 2 2 3 4 6 8 11 18 31| 89.80 5.77

-

Figure 1 to 3 give examples of
dives, that can be performed re-
alistically using a 15 liters com-
pressed air cylinder (2 + 3) or a
double 10 liter tank (fig 1). One
should avoid to speak of no-
decompression time in these ta-
bles. because a staged decompres-
sion is the most important element

Threshold 1.4

37’ decompression

of avoiding the bubbles in the
circulation, which should be com-
bined with a very slow ascent rate.
The tables printed here are calcu-
lations on the basis of theoretical
considerations. They have not
undergone any validation with test-
dives and should not be used by
divers as such.

If we trv to further reduce the
threshold value to 1.0 which means
that we allow the tissue N, con-
centration not to be more than 100
% saturation, the calculated diving
profile is not realistic any more
(fig 4).

Threshold 1.4

30’ decompression

17

air consumption:
= 3.7 m’(2 x 101 fonk)
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Decompression Tables for Tolerable Oversaturatin 0.4 bar

Threshold 1.4

30’ decompression

Threshold 1.0

84

ar consumption:
=19

4454

Fig. 4 Theoretical dive profile for threshold 1.0
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Discussion

- Tables produced for a threshold
of 1.4 clearly show that recrea-
tional diving 1s still possible
within the usual depth range and
overall diving time.

- The profiles however become a
more¢ V-shaped form compared
to the classical rectangular dive
profile which is normally used.

- The dives become constringently
decompression-dives. For many
divers this might be a problem
because of incompatibility with
the dogma that only no-decom-
pression-dives are safe. Of
course it is reasonable not to
enter into the deco-zone of the
tables in sports diving as this
avoids problems like getting
short in air and being hit by inert
gas narcosis doing deep dives. It
is however wrong to believe that
zero stop dives are particularly
safe as to the DCI risk. Some-
times the opposite is true. The
deco stress during the ascent and
after the dive i1s reduced by a
very slow ascent rate and doing
deeper deco stops than normally.

- We propose therefore that re-
search is done to study the bub-
ble development or hopefully
absence in dives performed fol-
lowing the 1.4 threshold table. It
is possible that the threshold will
have to be further reduced to
avoid bubble formation, but if
validated the modified tables
could be a solution for safe
diving in divers with individu-
ally higher risk for DCI.
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