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Abstract

Human decompression sickness (DCS) is a condition associated with depressurization during underwater
diving. Human research dive trial data containing dive outcome (DCS, no-DCS) and symptom information
are used to calibrate probabilistic DCS models. DCS symptom onset time information is visualized using
occurrence density functions (ODF) which plot the DCS onset rate per unit time. For the BIG292 human
dive trial data set, a primary U.S. Navy model calibration set, the ODFs are bimodal, however probabilistic
models do not produce bimodal ODFs. We investigate the source of bimodality by partitioning the BIG292
data based on dive type, DCS event severity, DCS symptom type, institution, and chronology of dive trial.
All but one variant of data partitioning resulted in a bimodal or ambiguously shaped ODF, indicating that
ODF bimodality is not related to the dive type or the DCS event severity. Rather, we find that the dive
trial medical surveillance protocol used to determine DCS symptom onset time may have biased the
reported event window. Thus, attempts to develop probabilistic DCS models that reproduce BIG292
bimodality are unlikely to result in an improvement in model performance for data outside of the

calibration set.
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Introduction

Decompression sickness (DCS) is a condition associated with depressurization of the body from
underwater diving. During a dive, exposure to increased ambient pressure allows elevated partial
pressures of inert gas in the lung to dissolve into the blood. When this blood circulates, the inert gas can
diffuse into the body’s tissues. During decompression and after surfacing from a dive, the excess inert gas
is normally circulated back to the lungs to be exhaled. However, if the ambient pressure is reduced
sufficiently far below the partial pressure of the dissolved gases, then gaseous bubbles may form in the
blood and/or tissues. The signs and symptoms of DCS can include, but are not limited to joint pain,
paresthesia, fatigue, abdominal pain, and paralysis [1]. DCS cases are typically categorized into either
Type | (also called mild) or Type Il (also called serious), in which Type | includes pain-only cases and Type
Il includes neurological and cardiopulmonary cases . In addition, DCS manifestations which subsequently
spontaneously resolve without recompression treatment are categorized as marginal DCS cases.
Examples of marginal cases are pain in one joint lasting less than 60 minutes or pain in two joints lasting

less than 30 minutes [2, 3].

Decompression modeling originated in the early 20™" century when Boycott et al. introduced the
theory that DCS was caused by the formation of bubbles in the body during decompression due to the
elevated partial pressure of dissolved nitrogen gas in the body’s tissues [4]. The model presented by
Boycott and coworkers, later known as the Haldane model, was deterministic, as DCS could be avoided if
a set of criteria were followed and was inevitable if those criteria were violated. However, deterministic
modeling cannot account for the variation in DCS occurrence and symptoms present in divers executing
identical dive profiles as recorded in empirical dive data [2, 3]. This variability in DCS outcome prompted
the development of probabilistic models, introduced by Berghage et al. [5] and Weathersby et al. [6],

which compute a non-zero probability of DCS occurrence for a given dive profile. Such probabilistic
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models used to predict the incidence and onset time of DCS rely on risk calculated from survival analysis
[7] and either a gas content or bubble model . These models allow dive profiles to be created with a level
of risk tailored to the diver’s objective. An advantage of probabilistic modeling is that their parameters
can be calibrated with empirical dive data via numerical optimization. Model parameters can be
estimated to maximize the likelihood, which is a statistic that quantifies the agreement between the
model and the corresponding experimental data. In addition, including the time of onset of DCS
symptoms from experimental data during optimization has been shown to improve a model’s ability to
describe the data [8]. To facilitate calibration of probabilistic DCS models with experimental dive data,
Temple et al. published a compilation of dive profile and DCS manifestation descriptions corresponding
to both air and nitrogen-oxygen human dive trials conducted by the United States, United Kingdom, and
Canadian militaries between 1944 and 1997 [2, 3]. These research trials were conducted in hyperbaric
chambers and include both wet and dry dives during which a medical officer monitored divers and
determined the time of onset of DCS symptoms. Temple’s report includes the bottom times, depths, and
ascent rates which characterize each dive profile, and the corresponding dive conditions (wet or dry),
inspired gas mixtures, DCS symptom descriptions and onset times, and references to the originating dive
trial reports. The dive types performed during these research trials include single air, single non-air,
repetitive and multilevel air, repetitive and multilevel non-air, air and oxygen decompression, saturation,
sub-saturation, surface decompression with air, and surface decompression with oxygen . The calibration
set known as the BIG292 standard DCS data set is a subset of the data presented by Temple et al. that
includes a portion of the single air, single non-air, repetitive and multilevel air, repetitive and multilevel
non-air, and saturation dive types. This calibration set has been used in optimizing the parameters for a
probabilistic model known as the LE1-USN93 model [9]. The LE1 model consists of three perfusion-limited

parallel compartments, two with mono-exponential gas uptake and elimination and one with mono-
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exponential uptake and linear elimination after a crossover tension is exceeded [10]. The BIG292

calibration data set is analyzed in the present work.

An occurrence density function (ODF) describes the number of occurrences of a particular event
per unit of time, and can be used to graphically assess the agreement between a model’s estimations and
observed DCS occurrences and onset times. These plots map time relative to the final surface interval on
the abscissa and the number of DCS occurrences on the ordinate. A probabilistic model that most
accurately predicts the onset time of DCS would generate an ODF which closely resembles that of
empirical dive data. The ODF constructed with the BIG292 dive data set is bimodal, peaking in DCS
occurrences at both the completion of decompression and two hours following decompression. However,
current probabilistic models, including the LE1-USN93 [9] and the BVM(3) [11], used to predict the onset
time of DCS do not produce bimodal ODFs. The ODFs of the LE1-USN93 and BVM(3) models each contain
only one peak, located after the completion of decompression. Simulating the bimodality of the empirical

data would improve the fit of the model to the data, creating a better likelihood match.

Recently, Hada [12] investigated using inert gas input delay in a class of probabilistic
pharmacokinetic models with perfusion coupled compartments [13] and perfusion-diffusion coupled
compartments in an effort to align model onset time predictions with the bimodal onset times found in
the BIG292 data. Of the 11 delay-differential probabilistic pharmacokinetic models Hada optimized and
analyzed, many showed an improvement in model fit with the addition of the single-parameter input
delay but none showed enough improvement by the Akaike Information Criterion to justify adding input
delay. Additionally, none of the models, when optimized on the BIG292 data, predicted bimodal ODFs.
This finding motivated our present study to investigate bimodality of the BIG292 dive data. We wish to
know if there is a feature, such as dive type, event severity, symptom type, or breathing gas, generates

the two peaks in the ODF. If so, this might inform what model changes could lead to improved onset time
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prediction. If no feature can be identified, or if the bimodality is a result of some type of measurement

bias, then attempts to reproduce bimodality in model prediction are unlikely to be successful or useful.

Methods

Data

The BIG292 standard DCS data set from two Naval Medical Research Institute (NMRI) reports was
used [2, 3] in this study. The BIG292 data set, which is a subset of the dive data detailed in [2, 3], contains
dive profiles from 3,322 exposures of air and nitrogen-oxygen diving conducted by the United States,
United Kingdom, and Canadian militaries between 1944 and 1997. The BIG292 data set includes single
air, single non-air, repetitive and multilevel air, repetitive and multilevel non-air, and saturation dive
types, resulting in 190 DCS cases and 110 marginal DCS cases. Marginal DCS is defined as a case involving
signs or symptoms associated with DCS that were deemed not serious enough to be treated with
recompression and subsequently spontaneously resolved [2, 3]. In the BIG292 data set, all DCS cases and
68 of the 110 marginal DCS cases are reported with symptom onset times T1 and T,, where T; is the last
known time a diver was symptom free, and T, is the earliest time the diver was definitely experiencing
symptoms. Following our previous work on the efficacy of using marginal DCS events in fitting
probabilistic DCS models, we scored marginal cases as non-events when considering the BIG292 data set
in this work so that only full DCS events were analyzed [14, 15]. Because these dive trial data are de-
identified and are freely available to the public in the form of two U.S. Government reports, IRB approval

was not required for this retrospective study.

The 190 DCS cases in the BIG292 data set can be further classified by perceived severity index
(PSI) [16, 17]. Asintroduced by Howle et al., the PSl scale is defined with the following six indices, in order
of increasing severity: constitutional (fatigue, nausea, dizziness), skin bends (rash, itching, marbling), pain

(aches, joint pain, stiffness), mild neurological (numbness, paresthesia), cardiopulmonary (dyspnea,
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cough, hemoptysis), and serious neurological (dysfunction of vision, hearing, bladder, bowel,
coordination) [17]. Based on the DCS symptom descriptions in the two NMRI reports [2, 3], the 190 DCS
cases were each assigned an index by Howle et al., with 6 indicating constitutional and 1 indicating serious
neurological. If a DCS case fell into more than one of these categories, it was assigned an index
corresponding to the highest severity present. Traditionally, DCS is categorized into Type | (mild) and Type
Il (serious), where Type | includes the PSI categories of constitutional, skin, and pain, and Type Il includes
mild neurological, cardiopulmonary, and serious neurological manifestations. An alternative approach to
classifying DCS severity was proposed by Howle et al. [17], called Type A/B splitting. Type A (mild) includes
the PSI categories of constitutional, skin, pain, and mild neurological, while Type B (serious) includes the
cardiopulmonary and serious neurological PSI categories. In the BIG292 data set, there are 152 cases of
Type | DCS and 38 cases of Type Il DCS. Applying Type A/B splitting, the BIG292 data set contains 170 Type
A and 20 Type B DCS cases. When exploring DCS symptom type as a potential source of the bimodal ODF
in this work, both Type I/Il and Type A/B splitting were applied to the BIG292 data. DCS cases

corresponding to each individual PSI were also examined.

Computational Modeling

Many probabilistic DCS models are derived using the methods of survival analysis [7]. For these

models, the probability of DCS is defined as

p(E)=1-¢ =" M

where P(E) is the probability of a DCS event occurring, the index I counts over the risk-bearing model

h h

compartments, ¢ isthe i compartmental gain, , is the ;" compartmental hazard function, and the

definite integral containing the hazard function is evaluated from the beginning of the exposure to the
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right censoring time. It should be noted that the risk function of the form of Eq. (1) assumes a time-

uniform event probability. Models differ by their definitions of compartmental hazard functions, .

The event probability of DCS defined in Eqg. (1) can be modified to include the time of symptom
onset (event window), which was first introduced into the field of probabilistic DCS modeling by
Weathersby et al. [8]. The BIG292 data define the DCS event window using times T, the last time the
diver was known to be symptom-free and T, the first time the diver was known to be symptomatic. For

a profile which results in DCS, the event probability can be expressed as

Ty
-Ngi|nd -2 8 | ndt
R P )

where P(O)OHT is the probability that the diver remained asymptomatic from the beginning of the

exposure until time T, , and P(E)Tl g 18 the probability that the diver is bent during the event window

T, - T,. The event windowing information is also used in constructing the ODF, as explained below.

Although recent work has considered the use of Bayesian inference in optimizing probabilistic DCS

models [18], most models are optimized by maximizing the log likelihood function

N

LL=Y"In(P(E,)* (1- P(E,) ™) (3)

n=1

in order to find the best set of model parameters [6]. In Eq. (3), » counts over the N exposures and
o, =1 if the n™ exposure resulted in DCS and §, =0 otherwise. Typically, marginal DCS cases are
assigned a fractional weight, J =0.1, but as discussed above, we de-rate marginal DCS events to non-

events [14, 15].
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Occurrence density functions that display both the experimentally observed and model estimated
DCS onset can be used to visualize a model’s agreement with dive trial data. The ODF of observed DCS
data s calculated using convolution with a top hat function [19]. Time is divided into one-hour bins, where
a top hat function is turned on at the start of each bin and off at the end of each bin. To generate the
model-predicted ODF, the probability of a DCS occurrence in each individual bin is calculated with Eq. (2)
(with T; and T, equal to the bin’s time interval bounds) for a particular exposure. The sum of the
probabilities for all exposures in each bin is plotted against time relative to the final surface interval to

create the occurrence density function [10, 11].

Data Partitioning

In order to determine the cause of the bimodal peaks in the BIG292 dive data ODF, many different
schemes for partitioning the data were examined. DCS occurrence density functions were computed and
plotted with the data partitioned by dive type, DCS event severity, DCS symptom type, institution
conducting the dive trial, and chronology of the dive trial data. Marginal DCS cases were not included in
these ODFs, as they were scored as non-events; apart from one ODF which considers only marginal events.
Each ODF was determined to be bimodal, unimodal, or ambiguous in shape by visual inspection of the
number of peaks present. The BIG292 onset time bimodality could be attributed to dive type, event
severity, symptom type, institution, or chronology if one of these methods of data partitioning resulted in
unimodal ODFs. For reference, the onset time determination method was extracted from each dive report

(Table 1) to determine post-dive medical protocol.

First, the BIG292 dive data files were categorized by dive type and breathing gas, which included
single air, repetitive and multi-level air, single non-air, repetitive and multi-level non-air, and saturation
(Table 2) [20]. The ODFs for a subset of the BIG292 data were examined using these dive type categories

previously by Thalmann et al. [10], however they were not seeking to determine the cause of the bimodal
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ODF. Dive profiles were also partitioned by event severity. Both Type I/1l and Type A/B splitting were
used, in which Type | and Type A are considered mild DCS, while Type Il and Type B are considered serious
DCS. The distribution of PSI classifications into each severity splitting method is summarized in Table 3.
Next, DCS data were separated according to their PSI, and the number of DCS occurrences with each PSI

are listed in Table 4.

The BIG292 dive data were then partitioned by originating dive report, followed with grouping by
the institution that conducted each dive trial [2, 3]. The institutions included in the BIG292 data set are
the Navy Experimental Diving Unit (NEDU), Naval Medical Research Institute (NMRI), Naval Submarine
Medical Research Laboratory (NSMRL), Defense and Civil Institute of Environmental Medicine (DCIEM),
and Institute of Naval Medicine (INM) (Table 5). Finally, the data were split by the year the dive trials
were conducted and organized chronologically by end date (Table 6). Some dive trials spanned many
years, so the corresponding data files were divided based on the date the data were collected. This
chronological list was grouped into year ranges each containing similar quantities of DCS occurrences.
These year ranges, which can be found in Table 6, are 1978-1983, 1984, 1985-1987, and 1988-1992, which
include 44, 57, 43, and 46 DCS events respectively. There were two exceptions to this chronological
method of data partitioning. First, though the dive trials contained in the DC4W data file spanned 1979-
1986, all eight DCS events occurred during 1978-1983, so this data file was included in that chronology
range. Second, the ASATNMR data file was composed of dive trials during June-August 1986, and then
another during July 1988. The single DCS occurrence corresponding to these 50 dives occurred during the
July 1988 dive trial, so the data from this file was included in the 1988-1992 range. ODFs were generated
for each dive report, for all dive data generated by each institution, and for each of the year ranges

outlined above.

10
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Results

The DCS onset time measurement methods used in each dive report contributing to the BIG292
data set are documented in Table 1. The NSMRL 1200 [21], NEDU 1-99/NMRC 99-01 [22], NMRI 86-97
[23] technical reports all followed the same onset time determination procedure: divers were examined
by a U.S. Navy Diving Medical Officer (DMO) during surface intervals, immediately following the final
decompression, 2 hours post-dive, and the day after the dive. All technical reports by the DCIEM [24-29]
used the following onset time determination procedure: divers were monitored with a Doppler Prechordal
Bubble Detector, both at rest and while exercising during the dive, and then at 30-minute intervals for at
least 1.5-3 hours post-dive. If a diver’s Doppler bubble score was still elevated at this time, he/she
remained under medical surveillance until this score decreased. A diver’s account of symptoms was used

to determine the onset time of DCS by a medical officer.

The occurrence density function for the entire BIG292 data set, excluding marginal DCS cases, is
shown in Figure 1. The time scale of the ODF ranges from mid-dive (indicated by negative values for time)
to post-dive (indicated by positive values for time) with 0 hours representing the completion of
decompression. The first peak of this bimodal plot occurs at 0 hours after decompression and the second
peak occurs at 2 hours after decompression. A trace of the computational model LE1-USN93
parameterized without marginal DCS events [15] is also represented in Figure 1. Note that the LE1-USN93

ODF is not bimodal, with a peak at 0 hours after the final decompression.

The ODF of marginal DCS cases is plotted in Figure 2. This plot contains a trace for all 110 marginal
DCS cases (both with and without onset times), and a trace for the 68 marginal DCS cases with onset times.
Both ODFs are unimodal with both peaks occurring at 1 hour after the final decompression. This unimodal

marginal DCS data is excluded from all further ODF analysis in this work.
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DCS onset times T; and T, are ranked and plotted in Figure 3. DCS occurrences were sorted first
by T, indicated by the leftmost solid line. DCS occurrences that share the same T; were then sorted by
T,, as indicated by the rightmost line. The gray shaded region indicates the time between T; and T,. This
plot serves to graphically display the disparity in the symptom event window duration. The DCS events
contributing to the first and second peaks are indicated in the figure. Despite this disparity in event

window, there is no obvious indication in the figure of what causes the bimodal peak.

Histograms displaying the distributions of T; and T, can be found in Figure 4. The leftmost and
rightmost bars in both histograms include all onset times before 6 hours prior to surfacing and after 6
hours post-dive respectively. The frequency of T, times peaks at 2 hours post-dive, with only one case
having T exceed 2 hours (by 1 minute). The frequency of T, times peaks immediately after surfacing

and again after 2 hours post-dive, then a significant portion of T, times are after 6 hours post-dive.

Dive type

DCS occurrence density functions were generated for each of the five dive type and breathing gas
combinations included in the BIG292 dive data set, excluding marginal DCS outcomes (Figure 5). The
individual data files corresponding to each dive type and the shapes of the resulting ODF (bimodal,
unimodal, or ambiguous) are reported in Table 2. The single air, single non-air, repetitive and multi-level
air, and repetitive and multi-level non-air ODFs have a bimodal shape. The first peak of all these plots
occurs at 0 hours and the second peak occurs at 2 hours after the final decompression. Though these dive
types differ in numbers of DCS occurrences, the timing of the peaks is consistent across dive type. The
saturation dive ODF is ambiguous in shape, with a peak at 0 hours after decompression and a sharp decline
in DCS occurrence after 2 hours. Unlike the bounce dives, saturation diving displays a substantial
frequency of DCS onset during decompression (prior to surfacing). However, this dive type difference

does not affect the bimodality of the BIG292 ODF.
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Event Severity

Separate ODFs were generated for mild DCS and serious DCS cases, using both Type I/Il and Type
A/B data splitting and excluding marginal DCS cases. The distribution of PSI classifications into each
splitting method is reported in Table 3, along with the number of DCS events in each mild or severe
categorization and the shapes of the resulting ODFs. All plots are bimodal, with the first peak at 0 hours

and the second peak at 2 hours after the final surface interval (Figure 6).

Symptom Type

The shape of the ODF for each PSI is reported in Table 4. The ODFs for pain and serious
neurological symptoms are bimodal, with the first peak at 0 hours and the second peak at 2 hours after
the final decompression. The ODFs for constitutional, skin, mild neurological, and cardiopulmonary
symptoms are ambiguously shaped, likely due to the low number of DCS events with these symptom types

in the BIG292 data.

Institution

ODFs were generated for each individual dive report contained in the BIG292 data set, then ODFs
were created for all the dive reports published by each institution (Table 5). The NEDU 11-80 [30], NEDU
1-84 [31], and NSMRL 1200 [21] technical reports each generated ambiguously shaped ODFs, likely due to
the low number of DCS events in each report. The NEDU 8-85 [32], NEDU 1-99/NMRC 99-01 [22], NMRI
86-97 [23], and all DCIEM technical reports (DCIEM 80-R-32 [29], DCIEM 81-R-02 [27], DCIEM 82-R-38 [28],
DCIEM 84-R-72 [24], DCIEM 84-R-73 [25], DCIEM 85-R-18 [26]) each yielded bimodal ODFs. All bimodal
ODFs had a first peak at 0 hours and a second peak at 2 hours after final decompression. All ambiguously
shaped ODFs had a peak at 0 hours after the final decompression. However, by inspection of the T: and
T, times corresponding to the ambiguous ODFs, these DCS event windows are consistent with those

generating bimodal ODFs. Regardless of onset time measurement procedure, ODFs for all reports were
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either bimodal (with the first peak at 0 hours and second peak at 2 hours after the final decompression)
or ambiguously shaped; the latter likely due to insufficient quantity of DCS events documented by that

particular dive report.

Saturation dive data were not partitioned by report or institution. The four saturation dive files
(ASATARE, ASATNSM, ASATEDU, ASATNMR) contain data from 30 reports and dive test plans with
publication spanning 1979-1992 [2, 3]. The removal of saturation dive data does not affect the bimodality
of the ODFs of other dive types as many resulting DCS events occurred prior to surfacing (Figure 5), so

further partitioning by dive report was not warranted.

Chronology of Dive Trials

ODFs were generated for dive trials completed during 1978-1983, 1984, 1985-1987, and 1988-
1992 (Table 6). These temporal groupings were selected to each include similar quantities of DCS events.
The ODFs for 1984, 1985-1987, and 1988-1992 are bimodal, with the first peak at 0 hours and the second
peak at 2 hours following decompression. The ODF for dive trials completed during 1978-1983 is

unimodal, with a peak at 0 hours after the final decompression (Figure 7).

Discussion

The goal of this work was to determine the cause of the bimodality in the BIG292 ODF to enable
replication of this bimodal behavior in probabilistic models of DCS. The source of the bimodality would
be revealed if a particular data partitioning method resulted in a set of unimodal ODFs, some peaking at
0 hours and others at 2 hours following decompression. All but one iteration of data partitioning resulted
in a bimodal or ambiguously shaped ODF; the latter likely due to an insufficient quantity of DCS events in

that group.
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Partitioning the data by dive type, DCS severity, DCS symptom type, or institution did not provide
any insight into the source of the bimodal peak. The ODFs for single air, single non-air, repetitive and
multi-level air, and repetitive and multi-level non-air dives were all bimodal. The ODF for saturation dives
had only one peak, which occurred at 0 hours after decompression, but followed a bimodal shape, with a
sharp decline in DCS occurrences after 2 hours post-dive. No dive type could be identified as the source
of either of the bimodal peaks. When analyzing Type I/Il and Type A/B data splitting, the ODFs for all mild
and severe categorizations were bimodal. Further, ODFs for each PSI with a sufficient number of DCS
occurrences were bimodal. Therefore, the second peak in the BIG292 bimodal ODF cannot be attributed
to a discrepancy in DCS onset time based on DCS symptom severity or type. Similarly, splitting the dive
data based on the institution that conducted the dive trials, and further by each report published,
generated either bimodal or ambiguously shaped ODFs; the latter likely due to an insufficient quantity of
DCS occurrences in that data set to produce a typical ODF. Thus, slight institutional differences in dive

trial protocol are not responsible for the bimodality of the BIG292 ODF.

DCS occurrence data from dive trials completed during 1978-1983 produced a unimodal ODF. In
all dive trial reports pertaining to the BIG292 data set except the NEDU technical reports 11-80, 1-84, and
8-85, a strict onset time measurement protocol was established, in which all divers were examined by a
DMO immediately after surfacing, and then again after 2 hours. NEDU technical reports 11-80, 1-84, and
8-85 do not explicitly document that divers were examined at 2 hours post-dive, although the NEDU 11-
80 does indicate that divers were released from the hyperbaric chamber facility at this 2-hour mark. Thus,
dive data produced by the NEDU during the 1978-1983 trial end date range may not have used the above
onset time determination protocol. In addition, one reviewer pointed out that the decompression
schedules tested during this early date range were riskier, thus the onset of DCS events in these trials
occurred during decompression or shortly thereafter. Many of the T, times reported in these trials are

within 2 hours of decompression, and divers were under medical surveillance during this time. Thus, the
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corresponding onset time windows are smaller and the ODF is unimodal. As decompression schedules
improved, divers were able to surface without incident but experienced DCS onset after surfacing. In
these later trials, divers were monitored by a DMO for 2 hours (NEDU, NMRC, NSMRL) or 1.5-3 hours
(DCIEM) before being released if no symptoms developed. For many DCS cases with onset after this
window of post-dive medical surveillance, the T; time is 2 hours, which is when close medical examination
of the diver ended (and corresponds to the second ODF peak). This bias towards a T; time of 2 hours with
delayed-onset DCS is apparent in Figure 4, as the T, histogram contains a peak in the bin range (1,2]. Only
one DCS case in the BIG292 data set has a T1 time greater than 2 hours, and this onset time is 2 hours and
1 minute. In Figure 3, DCS events with T1=0 hours generally correspond to short event windows, while
those with T>=2 hours arise from delayed DCS onset (as indicated by the large shaded region). This is
consistent with our conclusion that the T, for delayed DCS onset cases was biased towards T;=2 hours.
These long windows are a result of termination of continuous medical surveillance at 2 hours post-dive,
thus the last known time a diver was definitely asymptomatic was set as T;=2 hours if symptoms

developed after this time.

The bimodal shape of the BIG292 ODF is likely due to the medical surveillance protocol used in
determining the onset time of DCS symptoms. It may be possible to eliminate this bimodality in future
dive trial data if medical examination of divers is scheduled more frequently in the 24 hours following
decompression. If divers were to be examined more often between 2 hours and 24 hours post-dive, there
would be a lower number of T1=2 hours cases, as T: would now reflect these later examination times. This

could aid in shortening the event window, as T1 and T, times would become more accurate.

Although computational replication of the bimodal shape of the BIG292 ODF would increase the
likelihood, implying a better fit of the model to the data, doing so would be meaningless because there is
not a distinct source (differences in dive type or DCS event severity) of the second peak. The single peak

produced by current models of DCS which merges the bimodal peaks of the data in the ODF is very likely
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the correct solution. The ODF is still however a valuable tool for assessing the performance of models
which predict the onset time of DCS. ODFs provide a qualitative metric to confirm that the onset time is

being correctly predicted by the underlying model.

Conclusions

We investigated the potential sources of the bimodal shape of the BIG292 ODF with the goal of
identifying features in the DCS cases that could potentially lead to an improvement in DCS model
prediction. We found that bimodal shape of ODFs of DCS occurrences in empirical dive data were not
related to dive types, severity of DCS symptoms, or symptom type. The DCS onset time determination
protocol used by each institution that contributed human dive trial data to the U.S. Navy collection that
became the BIG292 collection was reviewed. The common protocol between all institutions involved
examination by a medical officer immediately after decompression and again in approximately 2 hours.
The unimodal ODF corresponding to dive data from 1978-1983 is likely due to the higher risk
decompression schedules that were tested during these trials, thus DCS onset occurred during
decompression or shortly thereafter. In later trials with less risky decompression schedules (post-1984),
DCS onset tended to occur after the 2-hour window of close medical surveillance. We conclude that the
bimodality of the BIG292 ODF is likely due to a combination of delayed DCS onset in post-1984 trials, as
decompression schedules became safer, and the protocol for determining DCS symptom onset time, in
which divers were released from medical officer surveillance if no symptoms developed around 2 hours
post-dive. When the time of symptom onset information is used in optimizing probabilistic DCS models,
the log likelihood function implicitly aligns the model’s ODF prediction with that of the calibration data.
Thus, if a model were able to replicate the data’s bimodal ODF, the model would generate a greater log
likelihood than a model which generated a unimodal ODF. This would lead one to conclude that the model

replicating the bimodal ODF were the better of the two models. However, replicating the bimodal ODF
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shape in probabilistic models would likely be meaningless; as the ODF bimodality is not caused by dive
type, DCS event severity, or symptom type but is rather related to the DCS onset time measurement

protocol.
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Figures and Tables

Report
Contributing to the
BIG292 Data Set

DCS Onset Time Measurement Method

NEDU 11-80 [30]

Following decompression, divers remained at the dive chamber for 2 hours
then were required to be within 30 min of facility for the next 4 hours. The
dive chamber facility was prepared to provide DCS treatment for 24 hours
post-dive.

NEDU 1-84 [31]

A US Navy Diving Medical Officer (DMO) examined all divers after surfacing.

NEDU 8-85 [32]

Divers could report symptoms of DCS at all times, including during the dive.
All DCS determination was made by a DMO.

NEDU 1-99 / NMRC
99-01 [22]

Divers were examined by a DMO during surface intervals (for repetitive dives)
and immediately after completing each dive. If no DCS symptoms were
present, divers were re-examined 2 hours later. Divers were required to be
in the presence of someone who could recognize DCS for the next 24 hours.
The DMO then re-examined each diver the next morning after their dive.

NMRI 86-97 [23]

Divers were examined by a DMO upon completion of the dive and again after
2 hours following decompression. Divers could report symptoms for 18
hours post-dive and were interviewed by a DMO the morning after the dive.

NSMRL 1200 [21]

The DMO examined divers immediately post-dive, 2 hours post-dive, and 24
hours post-dive. Divers could report symptoms at any time.

DCIEM 80-R-32
(29]

Divers were monitored with Doppler Prechordal Bubble Detector, both at
rest and after performing an exercise during the dive. Divers were monitored
with this device pre-dive, at 15 min intervals during the dive, immediately
post-dive, and periodically for at least 3 hours post-dive. Divers could report
symptoms at any time. The decision to treat for DCS was not based on
doppler results, however these results were used by the DMO to determine if
diver symptoms required recompression.

DCIEM 81-R-02
(27]

Divers were monitored with Doppler Prechordal Bubble Detector, both at
rest and after performing an exercise during the dive. Divers were monitored
with this device pre-dive, at 15 min intervals during the dive, immediately
post-dive, and periodically for at least 3 hours post-dive. Divers could report
symptoms at any time.
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DCIEM 82-R-38
(28]

Divers were monitored with Doppler Prechordal Bubble Detector, both at
rest and after performing an exercise during the dive. Divers remained at
rest for 90 min post-dive. Divers could report symptoms at any time.

DCIEM 84-R-72
[24]

Divers were monitored with the Doppler Bubble Detector before each dive,
and at 30 min intervals for at least 2 hours post-dive while resting. If bubbles
were detected, the diver remained under observation until bubbles
diminished. Divers could report symptoms at any time. The DMO
determined treatment based on symptoms, not bubble grades.

DCIEM 84-R-73
[25]

Divers were monitored with the Doppler Bubble Detector before each dive,
and at 30 min intervals for at least 2 hours post-dive while resting. If bubbles
were detected, the diver remained under observation until bubbles
diminished. Divers could report symptoms at any time. The DMO
determined treatment based on symptoms, not bubble grades.

DCIEM 85-R-18
(26]

Divers were monitored with the Doppler Bubble Detector before each dive,
and at 30 min intervals for at least 2 hours post-dive while resting. If bubbles
were detected, the diver remained under observation until bubbles
diminished. Divers could report symptoms at any time. The DMO
determined treatment based on symptoms, not bubble grades.

Table 1. DCS onset time measurement method of dive reports in the BIG292 data set. The NEDU 1-99
/ NMRC 99-01 and NSMRL 1200 followed a consistent method of examining divers immediately post-
dive, 2 hours post-dive, and the day after the dive. All DCIEM reports followed a similar procedure of
monitoring divers during the dive and for 1.5-3 hours post-dive. The NEDU reports 11-80, 1-84, and 8-
85 do not explicitly document that divers were examined at 2 hours post-dive, although the NEDU 11-
80 does indicate that divers were released from the hyperbaric chamber facility at this 2-hour mark.
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Figure 1. Occurrence density function of the BIG292 data set and predictions from the LE1-USN93
computational model, excluding marginal DCS cases [15]. The ODF is a plot of the number of DCS
occurrences per hour relative to the final surface time. Time less than zero indicates that the onset of
DCS occurred before the completion of the dive. This plot is bimodal, with one peak at 0 hours and a
second peak at 2 hours after the final surface time. The bimodality is not dependent on the presence
or absence of marginal DCS cases. The dashed line shows the prediction from the LE1-USN93
computational model (recalibrated without marginal DCS events [15]). The ODF produced by this
model is not bimodal. The magnified view of the ODF in the top left more clearly illustrates the bimodal

behavior of the onset of DCS symptoms in dive trial data.
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Figure 2. Occurrence density functions for marginal DCS cases. The solid line trace includes data for all
110 marginal DCS cases in the BIG 292 data set, and the dashed line trace plots only marginal DCS cases
with recorded onset times (68 cases). Both ODFs are unimodal, with both peaks at 1 hour after the
final surface time.
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Figure 3. DCS onset time T; and T, ranking. T is the last known time a diver was symptom free, and T,
is the earliest time the diver was definitely experiencing symptoms. DCS occurrences were sorted first
by T, indicated by the leftmost line. DCS occurrences that share the same T; were then sorted by T,
as indicated by the rightmost line. The shaded region shows the timespan between T; and T,. This plot
serves to graphically display the disparity in the symptom event window size. The profiles primarily
contributing to the first and second ODF peaks are indicated, as the two long vertical segments
correspond to 0 and 2 hours.  DCS events with T1=0 hours generally correspond to short event
windows, while those with T>=2 hours are consistent with delayed DCS onset (as indicated by the large
shaded region).
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Figure 4. Distributions of T; and T, times of the DCS events in the BIG292 data set. Time less than
zero indicates that the onset of DCS occurred before the completion of the dive. The leftmost and
rightmost bars include all onset times prior to -6 hours and after 6 hours relative to surfacing
respectively. The most frequent T time is 2 hours post-dive (as indicated by the peak frequency in
the (1,2] bin range), with the only T; time exceeding 2 hours being 2 hours and 1 minute. Many of the
T1 times prior to -6 hours correspond to saturation diving (see Figure 4). The peak in T, times during
(0,1] hour post-dive relate to DCS events with rapid onset and correspond to T; times during
decompression. The significant quantity of T, times after 6 hours post-dive indicates delayed
symptom onset; many of these late T,’s correspond to T; at 2 hours.
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Number of DCS Occurrences
Dive Type BIG292 Files | (excluding marginal DCS cases) ODF Shape
EDU885A
DC4AW
Single Air SUBX8/ 53 Bimodal
NMRNSW
PASA
NSM6HR
Repetitive EDU885AR
and Mlull\'/ci— DCAWR 34 Bimodal
level Air PARA
PAMLA
NMR8697
Single Non-air | EDU885M 25 Bimodal
EDU1180S
feetit EDU184
a:;)?\/llull\'/ci PAMLAOD 26 Bimodal
level Non-air | PAMLAOS
EDU885S
ASATEDU
Saturation ASATNMR 52 Ambiguous
ASATNSM
ASATARE

Table 2. Data partitioned by dive type. The data files in the BIG292 data set were categorized by dive
type and ODFs were generated for each grouping (Figure 5), excluding marginal DCS cases. All ODFs
were bimodal except for that of the saturation dives, which was ambiguous in shape. All bimodal plots
had the first peak at 0 hours and the second peak at 2 hours following decompression.
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Figure 5. Occurrence density functions for the BIG292 data set partitioned by dive type. See Table 2
for the categorization of the BIG292 data files. The ODFs for all dive types except saturation dives are
bimodal, with the first peak at 0 hours and the second peak at 2 hours after the final decompression.
Unlike the bounce dives, saturation diving displays a substantial frequency of DCS onset during
decompression (prior to surfacing). However, this dive type difference does not affect the bimodality
of the BIG292 ODF.
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493

Mild Neurological

Cardiopulmonary

Serious Neurological

Type Il
38 DCS Occurrences
Bimodal

Perceived Severity Index Type I/11 Type A/B
Constitutional Type |
Skin 152 DCS Occurrences Type A

: . 170 DCS Occurrences
Pain Bimodal

Bimodal

Type B
20 DCS Occurrences
Bimodal

Table 3. Data partitioned by event severity (Type I/Il and Type A/B classifications) [17]. Each DCS case
in the BIG292 data set was assigned a PSI value based on the reported symptoms. These cases were
then categorized into Type | or Type Il, then Type A or Type B, by their PSI. Type | and Type A are
considered mild cases of DCS, while Type Il and Type B are serious cases. ODFs were generated for
Type |, Type Il, Type A, and Type B DCS cases, excluding marginal DCS cases (Figure 6). All plots were
bimodal, with the first and second peaks occurring at 0 and 2 hours after the final decompression,

respectively.
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Figure 6. Occurrence density functions for the BIG292 data set partitioned by event severity (Type I/11
and Type A/B classifications). See Table 3 for categorization by PSI. All ODFs are bimodal, with the first
peak at 0 hours and the second peak at 2 hours after the final decompression. The magnified views of
each ODF in the top left corners more clearly illustrate the bimodal behavior of DCS symptom onset

time.
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498

Number of DCS Occurrences

Symptom Type (excluding marginal DCS cases) | ODF Shape Based on Symptom Type
Constitutional 1 Insufficient data

Skin 1 Insufficient data

Pain 149 Bimodal

Mild Neuro 18 Insufficient data

Cardio 2 Insufficient data

Serious Neuro 18 Bimodal

Table 4. Data partitioned by symptom type. Each DCS case in the BIG292 data set was assigned a PSI
value based on the reported symptoms, and ODFs were generated for each symptom type. The ODFs
for pain and serious neurological symptoms were bimodal. The first and second peaks occurred at 0
hours and 2 hours after the final surface interval, respectively. ODFs for other symptom types did not

have enough exposures to produce non-ambiguously-shaped plots.
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Number of
DCS
Occurrences
(excluding ODF Shape ODF Shape
marginal DCS | Based on Based on
Institution Report Files cases) Report Institution
NEDU 11-80 Insufficient
[30] EDU1180S 10 data
NEDU 1-84 [31] | EDU184 11 Insufficient
data
EDU885A
EDUSS5AR .
NEDU 8-85 [32] 49 Bimodal
NEDU EDU88SM Bimodal
EDUB885S
PASA
PAMLA
NEDU 1-99' [22] | PARA 36 Bimodal
PAMLAQOS
PAMLAOD
NMRI 86-97 [23] | NMR8697 11 Bimodal
NMRI Protocol
88-06 (no NMRNSW 5 Insufficient
report data
published)
ASATEDU
NMRC 99-02" ASATNMR .
NMRC 2, 3] ASATNSM 52 Ambiguous Bimodal
ASATARE
PASA
NMRC 99-01' PAMILA
[22] PARA 36 Bimodal
PAMLAQOS
PAMLAOD
NSMRL NSMRL 1200 NSMGHR 3 Insufficient Ambiguous
[21] data
DC4W . .
DCIEM Several [24-29] 11 Bimodal Bimodal
DCAWR

'The four saturation dive files (ASATARE, ASATNSM, ASATEDU, ASATNMR) contain data from 30 reports and dive
test plans with publication spanning 1979-1992. For brevity, Temple et al. is cited for these files.

"T NEDU 1-99 and NMRC 99-01 was a joint report between the Navy Experimental Diving Unit and the Naval

Medical Research Center. This report was grouped with both institutions.
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No report SUBX87 ) Insufficient Ambiguous

INM published data

Table 5. Data partitioned by institution. The data files in the BIG292 data set were categorized by the
institution conducting the dive trial. ODFs were generated separately for each dive report, and then
for all the reports published by each institution. All marginal DCS cases were excluded. The first column
indicates the institution (Navy Experimental Diving Unit, Naval Medicine Research Center, Naval
Submarine Medical Research Laboratory, Defense and Civil Institute of Environmental Medicine,
Institute of Naval Medicine) that conducted the dive trials. The second column includes each dive
report published by that institution, and the third column indicates the dive files in the BIG292 data set
that were described by each report. Columns four and five show the number of DCS occurrences in
each dive file and the shape of the ODF for those exposures, respectively. The sixth column indicates
the ODF shape for all the dive data from each institution. The NEDU 11-80, NEDU 1-84, NMRI 88-06,
NSMRL 1200, and INM dives have too few DCS events to produce meaningful results. The saturation
dives produce an ODF with ambiguous shape (Figure 5). All bimodal plots have a first peak at 0 hours
and a second peak at 2 hours after the final decompression. All ambiguously shaped plots have a peak
at 0 hours after the final decompression, however the T; and T, times documented in these reports are
consistent with those that produce bimodal plots.
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Dive Trial End | Dive File Range Number of | Number of DCS ODF Shape
Date Range Dives Exposures | Occurrences Based on
Conducted (excluding marginal Age
During DCS cases)
EDU1180S 1977-1978 120 10
ASATNSM Mar 1977- 23 1
Profiles 14-17 | Feb 1979
DCaAwW 1978-1983 244 8
ASATEDU 1979 10 4
Profiles 1-5
ASATEDU 1979 10 3
Profiles 6-9
ASATEDU 1979 10 1
Profiles 10-12
EDU184 Jul 1980- 239 11 44 DCS
1978-1983 Aug 1980 Occurrences
ASATEDU 1981 10 1
Profiles 13-14 Unimodal
ASATEDU 1981 11 1
Profiles 15-17
ASATNSM May 1979- 12 3
Profiles 18-24 | Feb 1981
ASATEDU 1982 10 0
Profile 18
ASATEDU 1983 10 1
Profiles 19-21
ASATEDU 1983 10 0
Profiles 22-23
ASATNSM Sept 1982- 16 1
Profiles 25-28 | Jan 1984
ASATNSM Nov 1983- 33 4
Profiles 1-13 May 1984
DCAWR Feb 1984 12 3
EDUSS5A Aug 1984- 483 30| °7P6
1984 Dec 1984 Occurrences
EDU885AR Aug 1984- 182 11 .
Dec 1984 Bimodal
EDU885M Nov 1984 81 4
EDU885S Dec 1984 94 4
ASATEDU 1984 10 0
Profiles 24-26
NMR8697 April 1983- 477 11 43 DCS
Dec 1985 Occurrences
1985-1987 ASATNSM Sept 1984- 31 9
Profiles 29-41 | Sept 1986 Bimodal
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ASATARE 1984-1986 165 20

ASATEDU 1986 5 1

Profiles 27-28

ASATNSM Oct 1986- 17 0

Profiles 42-45 | Jun 1987

ASATEDU April 1987 9 0

Profile 29

SUBX87 13-24 July 58 2
1987

ASATNMR Jun-Aug 50 1
1986, July
1988

ASATEDU 1988 7 0

Profiles 30-31

ASATEDU 1988 8 1

Profile 32

NMRNSW May 1988- 91 5
Jan 1989

NSM6HR 1989, 1991 57 3 46 DCS

1988-1992 PAMLA 1 Feb 1991- 236 13 | Occurrences

Jun 1991,
Jul 1991- Bimodal
Jan 1992

PASA Mar 1991- 72 5
Jun 1991

PARA Jun 1991- 135 7
Jan 1992

PAMLAQOS Jun 1991- 140 5
Jan 1992

PAMLAOD Jun 1991- 134 6
Jan 1992

Table 6. Data partitioned by dive trial chronology [2, 3]. Each dive data file was ordered (and split if
necessary) based on dive trial end date. Though the DC4W data file spanned 1978-1986, all eight DCS

events occurred during 1978-1983, so this data file has been included in that chronology range.

The

ASATNMR data file is composed of dive trials during June-August 1986, and then another during July
1988. The 1 DCS occurrence corresponding to these 50 dives occurred during the July 1988 dive trial,
so this data file was included in the 1988-1992 range. The ODFs for 1984, 1985-1987, and 1988-1992
are bimodal, with the first peak at 0 hours and the second peak at 2 hours following decompression.
The ODF for dive trials completed by 1978-1983 is unimodal, with a peak at 0 hours after the final
decompression (Figure 7).
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Figure 7. Occurrence density function for dive trials completed during 1978-1983 in the BIG292 data
set. See Table 6 for details about dive data files included in this time range. A total of 719 dives were
conducted during this time, resulting in 44 DCS occurrences. Neglecting the two cases of DCS that
occurred nearly 50 hours before the time of final surfacing, the ODF is unimodal, with a peak
corresponding to the time of final surfacing.
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