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The Editor’s offering

This year is the tenth anniversary of the joint publication
of Diving and Hyperbaric Medicine (DHM) by SPUMS
and EUBS. Both the societies and DHM have come a long
way in that time, most especially this publication. Since
2008, DHM has achieved indexation on Medline and the
Web of Science® (with a steadily climbing Impact Factor;
see page 200), established an international Editorial Board
with a wide diversity of expertise and moved with the times
to become an electronic publication. This journey has not
always been smooth and there remain unresolved issues
between the Editor and EUBS, which hopefully can be
settled soon. TRICON20018 offers a time and venue for the
society executive committees to take stock of this progress
and to plan for DHM’s future.

Stop press news is that complete articles from DHM have
now been accepted for deposit in PubMed Central (PMC),
the most important medical scientific database in the public
domain. This is retrospective to the March 2017 issue.
PMC complies with our one-year embargo policy, so you
will be able to access all articles from the March, June and
September 2017 issues on PMC very soon. This markedly
increases DHM’s visibility to the international medical and
scientific online readership and, enhancing the worth for
SPUMS and EUBS members of submitting to your very
own journal.

Inner ear injury from diving represents an uncommon but
challenging problem of diagnosis (is it barotrauma (IEBt) or
decompression sickness (DCS)?), treatment (is conservative
care or surgery indicated?) and outcome (should patients
return to diving?). In this issue, three medical officers
from the US Navy present their ideas for a tool (for which
they have allocated the acronym HOOYAH) to help with
distinguishing between inner ear barotrauma and DCS.? It
remains to be seen whether this is a useful tool in practice.
A number of readily accessible articles have been published
over the years in the SPUMS Journal and DHM on the inner
ear in diving. For those interested in reviewing this topic in
a painless fashion I have selected below a few articles that
give a good feel for the subject and are readily available
to members on the DHM website and in the GTUeM
database.””’ Carl Edmonds’ series of 50 consecutive cases
of IEBt* is probably the most useful clinical report, but
note that his accompanying editorial® has a ‘typo’ in it in
the left-hand column, 6th paragraph, line 2, which should
read “IEBt”, not “MEB?” (the Editor’s error!). The article by
Mitchell and Doolette on the likely mechanisms underlying
inner ear DCS makes for fascinating reading,® whilst the
case series by Wong and Walker addresses the difficulties
of diagnosis and treatment of inner ear DCS.’

I first read Spencer and Johanson’s report® on Doppler
monitoring of divers in 1976 when I worked in Seattle. In
the subsequent four decades, the role of Doppler in assessing

decompression stress has remained a work in progress.
The retrospective review’ by scientists from Canada and
France of the large Canadian Doppler database suggests
that the value of subclavian monitoring has been somewhat
overlooked in the past by researchers. Their results suggest
that this should become a routine part of all Doppler studies
in the future and that the guidelines'® promulgated recently
for the conduct of Doppler research in diving may now
need revision.
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Editorial

Decompression sickness, fatness
and active hydrophobic spots

Since decompression sickness (DCS) in humans was first
described,! mankind has embarked on an odyssey to prevent
it. The demonstration that decompression releases bubbles,
which mainly contain inert gas (nitrogen, helium),? into
the circulation and that the slower the decompression rate
the lesser the incidence of DCS, resulted in 1908 in the
publication of the first, reasonably safe diving tables.?

Besides the development of proper diving tables, the
selection of divers is also of importance. A relationship
between body composition and DCS was observed in dogs as
long ago as the nineteenth century,” an observation supported
early in the twentieth century: “Really fat men should never
be allowed to work in compressed air, and plump men should
be excluded from high pressure caissons...or in diving to
more than about 10 fathoms, and at this depth the time of
their exposure should be curtailed. If deep diving is to be
undertaken.... skinny men should be selected.”

Alas, nothing is that simple! From my own experience it
was not always the fat diver who ended up in the treatment
chamber with DCS. Therefore, other factors must be at
play; gender,>¢ age,>’ physical fitness,” and the existence
of a persistent foramen ovale (PFO)? have all been studied
as possible factors for the development of vascular gas
bubbles and, therefore, for DCS. However, none of these
factors, alone or in combination, explain why there are
intra-individual or intra-cohort differences in bubble grades
(BG). In other words, why does a dive I did today led to a
high BG but the same dive next week lead to a low one?
Or, why is there such a difference in BG amongst divers of
more or less the same age, gender, body composition and
physical fitness? In a letter in this issue, a novel hypothesis
is postulated that may fill in these gaps; active hydrophobic
spots (AHS).’

These AHS can be found at the luminal side of capillary,
venous and arterial walls and have an oligolamellar lining.
In an in vitro experiment, nanobubbles developed on AHS
after a ‘dive’ to 1,000 kPa (90 msw).'° It appears that AHS
consist of dipalmitoylphosphatidylcholine (DPPC), which is
the main component of surfactant.!! It is proposed that DPPC
may leak from the alveoli into the alveolar capillary and be
transported to veins and arteries where it precipitates and
forms AHS.!! Based on these ideas, it is hypothesized that
AHS generate nanobubbles that can grow into microbubbles.
When these microbubbles detach from the AHS they might
also take along pieces of the AHS membrane making the
AHS smaller or even disappear.'® This phenomenon could
explain some of the earlier findings regarding the formation
of microbubbles in divers. The fact that the presence of

microbubbles differs between younger and older divers,
after repetitive dives, and between experienced divers and
novice divers can be explained by this model,'® and AHS
may be the missing link we are looking for in our quest to
understand and treat DCS.

However, some reservations must be made. Firstly,
these observations are derived from in vitro and animal
experiments and whether or not they reflect a similar process
in man remains unclear. Secondly, it appears that female
divers have lower bubble grades after similar dives compared
to male divers, suggesting lower decompression stress.> If
AHS is the main generator for microbubbles, there should
be a difference in the presence of AHS between men and
women. We do not know from these animal experiments
whether there is a gender difference, neither does a literature
search in PubMed provide us with an answer.

Thirdly, as said before, DPPC is the main component of
surfactant. All alveolar surfactant phospholipids, such as
DPPC, are secreted to the alveolar space via exocystosis of
the lamellar bodies (LB) from alveolar type II (ATII) cells.'?
To form a functional air-blood barrier, alveolar type I and
ATII cells are connected to each other by tight junctions.
These tight junctions constitute the seal of the intercellular
cleft and in that way form a true barrier between the alveolus
and the capillary.’* Only small molecules like oxygen,
carbon dioxide, etc. can penetrate through this barrier by
themselves due to passive diffusion. All other (macro)
molecules, including DPPC, need intermediate processes
such as ion transport proteins,' channels,'> metabolic
pumps,'* etc. to gain access to the pulmonary capillary
lumen. To my knowledge, no such mechanisms for DPPC
or LB are known.

A theoretical explanation might be the fact that the
production of DPPC and the exocytosis of DPPC-
containing LBs into the alveolar space can be stimulated
by stretch.'>!> Stretch of the alveoli can switch on Ca*
entry by either mechanosensitive channels, store-operated
channels or second messenger-operated channels, which
induces LB exocystosis.'? Furthermore, an ATP-release
mechanism might also be responsible for the pulmonary
alveolar mechanotransduction of LB."? During diving,
transpulmonary pressure changes'® occur which might
induce additional alveolar stretch and thus, theoretically,
an extra release of LB. However, whether or not such
exocystosis of LB is vascularly orientated remains unclear.
Besides which, the leakage of DPPC from the alveolus to the
pulmonary capillary might also be as simple as a malfunction
of the tight junction due to epithelial membrane damage as
a result of diving. Finally, it is also possible that DPPC is
produced in other non-ATII cells in our body of which we
are currently unaware.

To conclude, this is an interesting hypothesis regarding the
origin of microbubbles. Whether or not DPPC and LB are
the main reason for individual sensitivity to DCS remains
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unclear. Further research will hopefully identify if DPPC
and LB are indeed the missing link or just another branch
on the big tree of the genesis of decompression sickness.
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Abstract

(Hugon J, Metelkina A, Barbaud A, Nishi R, Bouak F, Blatteau J-E, Gempp E. Reliability of venous gas embolism detection
in the subclavian area for decompression stress assessment following scuba diving. Diving and Hyperbaric Medicine. 2018
September;48(3):132-140. doi: 10.28920/dhm48.3.132-140. PMID: 30199887.)

Introduction: Ultrasonic detection of venous gas emboli (VGE) in the precordial (PRE) region is commonly used in
evaluation of decompression stress. While subclavian (SC) VGE detection can also be used to augment and improve the
evaluation, no study has rigorously compared VGE grades from both sites as decompression stress indicators.

Methods: This retrospective study examined 1,016 man-dives breathing air extracted from the Defence Research and
Development Canada dataset. Data for each man-dive included dive parameters (depth, bottom time, total ascent time),
PRE and SC VGE grades (Kisman-Masurel) and post-dive decompression sickness (DCS) status. Correlation between SC
and PRE grades was analyzed and the association of the probability of DCS (pDCS) with dive parameters and high bubble
grades (HBG III- to IV) was modelled by logistic regression for SC and PRE separately for DCS risk ratio comparisons.
Results: PRE and SC VGE grades were substantially correlated (R = 0.66) and were not statistically different
(P =0.61). For both sites, pDCS increased with increasing VGE grade. When adjusted for dive parameters, the DCS risk was
significantly associated with HBG for both PRE (P =0.03) and SC (P < 0.001) but the DCS risk ratio for SC HBG (RR = 6.0,
95% CI [2.7-12.3]) was significantly higher than for PRE HBG (RR = 2.6, 95% CI [1.1-6.0]).

Conclusions: The association of bubble grades with DCS occurrence is stronger for SC than PRE when exposure severity
is taken into account. The usefulness of SC VGE in decompression stress evaluation has been underestimated in the past.

Introduction Itis well known that the bubbles formed in the various parts

of the body during a decompression can be pathogenic

To date, there have been two common ways to assess
decompression-induced physiological stress for dive
exposures and associated decompression procedures. The
first one is the US Navy approach, which relies on statistical
predictive tools calibrated with diving profile/decompression
sickness (DCS) databases.'® This probabilistic approach
allows the construction of a DCS risk model based on
gas kinetics and associated ascent criteria, linking a
decompression model output to a risk. It also offers an
interesting calibration possibility of the parameters for a
global decompression model. The second approach is based
on the detection of bubbles after diving using either Doppler
ultrasound or ultrasonic echocardiographic imaging.

and may generate several forms of DCS. Even if there
is no clear evidence of a causal relationship between the
amount of bubbles circulating in the blood stream and DCS,
numerous Doppler and ultrasonic imaging studies support
the association between venous gas emboli (VGE) levels and
DCS risk.** VGE is considered a relatively poor predictor
of DCS (low specificity), but the absence of VGE is a good
indicator of decompression safety (high sensitivity).?!?
This is why the amount of VGE detected is believed to
be a useful decompression stress indicator for comparing
various decompression procedures or controlling the
efficiency of a decompression procedure.”*> For example,
the Defence and Civil Institute of Environmental Medicine
(DCIEM, now Defence Research and Development Canada,
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DRDC - Toronto Research Centre) has used the Doppler
ultrasound method to detect VGE in order to develop various
decompression tables for the Royal Canadian Navy.?6-?*
The potential of bubble detection to assess the relevance of
decompression procedures may have been clearly pointed
out using modern statistical approaches.?>*! This offers
interesting possibilities and makes feasible — in terms of
cost, time, statistical relevance and health impairment
control — the validation of decompression profiles to reach
a given DCS risk target.

While both statistical tools and bubble detection have
proven to be useful, they remain characterized by different
limitations: the probabilistic approach is an a priori method
that does not consider inter/intra individual variability with
respect to DCS susceptibility while the bubble detection
approach is an a posteriori method that does not consider
pressure profile/decompression profile to assess DCS risk.
However, it is well known that both VGE formation and
DCS occurrence depend primarily upon the dive exposure
(depth, duration, gas breathed), the decompression procedure
(ascent rate, decompression stops, oxygen during stops) and
potentially upon physical characteristics of the diver (age,
body mass index BMI). Nevertheless, an in-depth analysis of
alarge dataset using a logistic regression method showed that
the association between large VGE loads and the increase
in probability of DCS persists after taking into account the
dive parameters, such as the depth, the bottom time and the
decompression time, and the individual covariates such as
age and BML.*

Even with recent advances in imaging technology and
image quality of 2-dimensional echocardiography, Doppler
ultrasound is generally considered the most popular method
in field studies due to its portability and low cost.** The
Doppler bubble signal (in the audible frequency range)
is graded using either the Kisman-Masurel (KM)* or
Spencer® grading systems, with grade zero for the absence
of detectable bubbles and grade four for a continuous flow
of bubbles.?

VGE detection in the precordium is considered as the gold
standard in Doppler ultrasound as it takes into account
bubbles from the whole body, while additional subclavian
detection has been recommended to improve the sensitivity
of bubble detection.® Nevertheless, no large study has
rigorously compared data from the precordial and subclavian
sites, even if some data'” contained cases of DCS symptoms
in the upper part of the body with bubbles detected in the
shoulders only and not in the chest. These data motivated
our study, suggesting a more in-depth examination of the
sensitivity of precordial versus subclavian bubble grades in
evaluation of decompression safety. It is worth mentioning
that some studies have suggested that the subclavian region,
as opposed to the precordium, shows more potential for
automated bubble detection due to its low noise signal.***’

Our retrospective analysis compared the Doppler bubble
grades from precordial and subclavian regions after a
wide range of dive exposures in a dataset drawn from a
large prospective cohort of divers followed by DRDC. In
this paper, we aimed to confirm the usefulness of Doppler
VGE grades in evaluating decompression stress in air dives
drawn from this DRDC dataset. For each measurement site,
we examined the association between high bubble grades
and the probability of DCS taking into account the dive
parameters (i.e., maximum depth, bottom time, total ascent
time). This analysis was intended to compare the strength of
this association for subclavian versus precordial VGE grades.

Methods
DATABASE

This study forms a retrospective analysis of a subset of
the DRDC database from a number of studies conducted
by DRDC over a period of about 40 years. These studies
were carried out to develop and validate decompression
tables and diving procedures currently used in the Canadian
Armed Forces. All dives in the database were approved by
the DCIEM/DRDC Human Research Ethics Committee
and were done in accordance with the Helsinki Declaration.
Dive participants were primarily military divers, but also
included civilian divers. Over 7,000 man dives have been
monitored and are included in the DCIEM/DRDC Doppler
ultrasound database.

The dive subjects were monitored with continuous wave
Doppler ultrasonic bubble detectors (from 1979 to 1987 —
“DUG”, Soledec S.A., Marseille, France, and from 1987 to
2013 — TSI DBM 9008, Techno Scientific Inc., Concord,
ON, Canada), first at the precordium with the diver standing
at rest and after movement (deep knee bend), and then at
the left and right subclavian veins at rest and after a specific
movement (fist clench).?? The Doppler signals were graded
using the KM code* where bubbles are classified on a
scale from O to 4 based on three parameters: 1) the number
of bubble signals per cardiac cycle, 2) the percentage of
cardiac cycles in which bubbles are observed during the
rest condition, or the number of successive cardiac cycles
containing bubbles starting from the initial increase in blood
flow after movement, and 3) the amplitude of the bubble
signal relative to the normal background cardiac sounds.
The resulting 3-digit codes are then converted to bubble
grades from 0 to IV, similar to the 5-point (0 to 4) Spencer
bubble grades, but with finer steps based on a 12-point scale
(ie., 0, I-, I, I+, II- .., -IV, IV).

To detect the maximum bubble activity, each dive subject
was monitored several times over a given period after the
dive. Typically, bubble monitoring was carried out at least
three times in about two hours — the first at 20 minutes (min)
after surfacing and then at 40 min intervals. If bubbles were
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Table 1
Dive parameters and venous gas embolism (VGE) scores for all man-dives analysed (column 2), decompression sickness (DCS) dives
(column 3) and no-DCS dives (column 4); all continuous and ordinal variables are presented as median [range]; N.B. VGE scores from
III- to IV were considered high bubble grade (HBG) and encoded HBG = 1; n (%) of the dives with a high bubble grade detected;

PRE — precordial; SC — subclavian; msw — metres’ sea water

Total included DCS no-DCS
Man dives (n) 1,016 22 994
Maximum depth P (msw) 44.2 [9-79.4] 45 [18-69.1] 42.4[9-79.4]
Bottom time ¢ (min) 30 [2.6—120] 30 [6.8—120] 30 [2.6—120]
Decompression duration fat (min) 16.2 [0.9-89.5] 55.8 [2.5 —84.6] 14.3 [0.9-85.9]

Exposure index (Q = Py1)® 189 [67-296] 247 [174 -285] 186 [66—295]

PRE grades 0 [0-1V] I+ [0-1V] 0 [0-1V]

PRE HBG = 1, n (%) 141 (14 %) 10 (45 %) 131 (13%)

SC grades 0 [0-1V] I- [0-1V] 0 [0-1V]

SCHBG =1, n (%) 149 (15 %) 14 (63 %) 135 (14%)
0 634 (62.4%) 2 (9.1%) 632 (63.6%)
I-, L I+ 123 (12.1%) 3 (13.6%) 120 (12.1%)
PRE bubble grades II-, 101, 1T+ 118 (11.6%) 7 (31.8%) 111 (11.2%)
I, 10T, 1M+ 138 (13.3%) 9 (40.9%) 129 (13.0%)

V-, IV 3 (0.3%) 1 (4.5%) 2 (0.2%)
0 616 (60.6%) 4 (18.1%) 612 (61.6%)
I, L I+ 154 (15.2%) 2 (9.1%) 152 (15.3%)

SC bubbles grades II-, 11, 11+ 97 (9.5%) 2 (9.1%) 95 (9.6%)
III-, 11T, 111+ 136 (13.4%) 11 (50.0%) 125 (12.6%)

V-, IV 13 (1.3%) 3 (13.6%) 10 (1.0%)

still present at grade III or a higher level, monitoring was
continued until there was a clear indication that the bubble
levels were dropping. Although there were many cases where
high bubble levels were observed, recompression treatment
was never initiated based on bubble grades. Treatment was
always based only on DCS symptoms. However, subjects
with high bubble grades were kept under observation.

We examined the data from a subset of 1,041 man dives
conducted on air up to 2013 extracted from the DRDC
database. Repetitive dives were excluded. Each dive record
contained several post-dive Doppler-detected bubble grades
at rest from both precordial (PRE) and subclavian (SC)
regions (both right and left); the DCS status of the diver
after exposure (Type I — musculoskeletal pain; Type II —
neurologic, cutaneous, marginal, no DCS), an anonymous
diver identification number and the following dive
parameters: maximum depth P in metres’ sea water (msw);
bottom time ¢ (minutes, min); and decompression duration
(total ascent time) fat (min).

In an earlier study that included some of these data, it was
concluded that the maximum bubble grade for all conditions,
rest and movement, and all sites, precordial and subclavian,
showed the strongest association of bubble grades with
the risk of DCS.!” There was a considerable reduction in
sensitivity in detecting VGE if only the precordial site was
monitored, 47% versus 60% for all-sites monitoring.?

In this study, only precordial and subclavian bubble grades
for VGE detected at rest were considered for analysis and
bubble grades after movement were excluded. Any records
with missing precordial and/or subclavian bubble grades
were excluded from the analysis. Based on these rejection
criteria, from 1,041 records in our dataset, 25 man-dives
(including seven cases of DCS) were excluded. As a result,
1,016 man-dives (including 22 DCS cases) were analyzed.
When several bubble grades were available from a given
site (precordial or subclavian), only the highest bubble
grade was used in the analysis. Bubble grades from III- to
IV were considered high bubble grade (HBG) and encoded
HBG = 1, and bubble grades from O to I+ were considered
low bubble grades and encoded HBG = 0.
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A total of 236 divers in our study completed 84 square dive
profiles covering a wide range of exposures. For each dive,
we computed Hempleman’s stress index.*

0 = Pt (msw-min®) (1)

This index does not incorporate any decompression
information and a theoretical analysis has shown its
limitations for dives requiring decompression.® As the
dives analyzed all require decompression, we use Q as
an exposure index, i.e., a measure of the severity of the
exposure. It should be noted that it has been used in the past
as an exposure index to limit commercial diving in the North
Sea based on studies done between 1982 and 1988.* The
main characteristics of the dive records used in our analysis
are given in Table 1. Within the 22 DCS cases in Table 1,
there were 15 Type I, four Type II, 1 cutaneous and two
marginal cases. To increase the statistical power, we grouped
all DCS types together in a dichotomized DCS variable with
DCS = 1 representing all types of DCS events including
marginal and cutaneous.

STATISTICAL ANALYSIS

VGE grades were treated as ordinal categorical data for
statistical analysis. PRE and SC bubble grades for each
diving exposure were considered as paired measures and
the strength of correlation between PRE and SC grades
was evaluated using polychoric correlation coefficient
R,* similar to Pearson’s correlation and appropriate
for comparison of two ordinal measures (i.e., VGE
grades) of unobserved continuous variable (i.e., bubble
flow). In addition, we computed Spearman’s correlation
coefficient to confirm the polychoric correlation results. The
relationship between measures was interpreted as distinct if
0.71 < R < 0.89, substantial if 0.41 < R < 0.70, and small
if 0.21 < R < 0.40. The correlation was significant if
95% bootstrap or normal confidence bounds did not contain
zero. We tested for a systematic superiority of PRE or
SC VGE grades with respect to each other using the
Wilcoxon signed rank test*? with a probability value
(p) < 0.05, indicating a significant difference between two
measures.

We examined the association between HBG and DCS
incidence for different exposures by organizing dives into
four severity groups based upon the exposure index Q:
(1) low (0 < Q < 150); (2) low intermediate
(150 < Q < 200); (3) high intermediate (200 < Q < 250);
and (4) high (Q > 250). For each severity group, the DCS
incidence for HBG = 1 versus HBG = 0 was compared and
the associated DCS risk ratios were tested for statistical
significance for both precordial and subclavian detections.

We used logistic regression to test the association of pDCS
with VGE grades adjusted to dive parameters:

pDCS = p(DCS|x,HBG) = I/[1+exp(-a,-a x-b HBG)] (2)

where x is a function of the dive parameters while a0, a, and
b are logistic regression parameters. We first considered P, £,
and zat as variables to lead the analysis, then we considered
natural cubic splines transformations for adjustment for
nonlinear effects of the dive parameters and compared
the results. The adjusted odds ratios (OR HBG = 1 vs.
HBG = 0) for PRE and SC and per 10-point increase in Q
were computed from the adjusted logistic regression (2)
with the Wald test for significance of covariates. Model
comparison was done using the Akaike information criterion
(AIC), which estimates the relative quality of statistical
models for a given set of data, with smaller values of the
criterion suggesting a better fit to the data. The reported
risk ratios (RR HBG = 1 vs. HBG = 0) were computed
from the odds ratios by using the following formula:*

RR

HBG=1vs HBG=0 ~—

A1 *OR

RHBG:I vs. HBG=0 pDCS + pDCS HBG=1 vs. HBG=0) (3)

where pDCS =0.014 vs. pDCS =0.009 is the DCS incidence
in the database in reference groups PRE HBG = 0 vs.
SC HBG = 0. All tests were two-tailed and
p < 0.05 was considered statistically significant.

Results
AGREEMENT BETWEEN DOPPLER MEASURES

The maximum values of VGE grade at SC were not
statistically different compared to the maximum values
of VGE grade at PRE (Wilcoxon signed rank test:
W =45864, probability = 0.61). The polychoric correlation
coefficient for VGE from both sites R =0.66 (95% bootstrap
CI [0.57-0.69]) was significant suggesting a substantial
relationship between the detections. Spearman’s correlation
coefficient rs = 0.53 (95% normal CI [0.47-0.69]) was
also significant with the same strength of relationship.

VGE AND RISK OF DCS

Table 2 shows that with an adjustment for Q in the
logistic regression, both PRE HBG and SC HBG were
statistically associated with DCS risk. This association
was also significant when RR were adjusted directly for
the dive parameters P, t, tat (linearly) with comparable RR
values and model fit as measured by AIC, which suggests
the usefulness of Q in assessng the impact of bubble
production on diving stress (pDCS). The adjusted risk
ratios were significantly higher for SC HBG compared to
PRE HBG. The model fit was better when using SC HBG
(AIC =180 for SC vs. AIC = 193 for PRE with an adjustment
for Q). The logistic regression with cubic splines in P,  and
tat gave similar results in terms of fit and risk ratios.

Tables 3 and 4 present the contingency tables of HBG and
DCS by exposure index (Q), for PRE and SC respectively.
For both sites, Q was statistically associated with DCS
risk (probability = 0.04 for PRE and 0.004 for SC), as
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Table 2
The adjusted decompression sickness (DCS) odds (OR) and risk (RR) ratios from logistic regressions for precordial vs. subclavian
bubble counts with 95% confidence intervals, [95% Cls]; the probability values are from Wald’s test for significance of HBG = 1; the
information criterion AIC is used in model comparison; reference groups for HBG are PRE HBG = 0 and SC HBG = 0 respectively;
PRE —precordial; SC— subclavian; Q —exposure index; P— maximum depth (msw); #—bottom time (min); tat —decompression duration (min)
(see text for explanation)

Adjustment Covariate OR [95% CI] RR [95% CI] p-value AIC
PREHBG =1 2.7[1.1-6.7] 2.6[1.1-6.2] 0.03 193
0
SCHBG=1 6.8 [2.8-17.6] 6.5 [2.8-15.2] < 0.0001 180
PRE HBG =1 2.9 [1.2-7.4] 29[1.1-6.9] 0.02 194
P i, tat
SCHBG=1 7.1[2.9-18.4] 6.8 [2.9-16.2] < 0.0001 181
Table 3
Decompression sickness (DCS) number, incidence and relative risk ratio for PRE HBG by exposure group (see text for explanation)
DCS/no DCS DCS (%) DCS/no DCS DCS (%) RR p-value
Q =P\t
PREHBG =1 PREHBG =0
[0-150] 0/4 0 0/353 0 NA
[150-200] 2/16 12.5 2/181 1.1 114 0.04
[200-250] 3/54 5.6 7/226 3.1 1.8 0.40
[250-300] 5/57 8.8 3/103 2.9 3.0 0.14
Table 4

Decompression sickness (DCS) number, incidence and relative risk for SC HBG by exposure group (see text for explanation)

DCS/no DCS DCS (%) DCS/no DCS DCS (%) RR p-value
Q =P\t
SCHBG =1 SCHBG=0
[-150] 0/6 0 0/351 0 NA -
[150-200] 3/28 10.7 1/169 0.6 17.8 0.01
[200-250] 6/56 10.7 4/224 1.8 6.0 0.007
[250-300] 5/45 11.1 3/115 2.6 4.3 0.05
Table 5

The adjusted decompression sickness (DCS) risk ratios from logistic regressions for precordial (PRE) vs. subclavian (SC) measurements;
reference groups for HBG are PRE HBG = 0 and SC HBG = 0 respectively; for the exposure index Q, the adjusted RR are given per
10-point increase (see text for explanation)

Covariate RR [95% CI] p-value AIC

0, PRE 1.18 [1.07-1.32] 0.04 193

0,SC 1.18 [1.06-1.33] 0.004 180
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shown in Table 5. After an adjustment for HBG, RR was
approximately 1.2 (95% CI [1.1-1.3]) per 10-point increase
in Q for both sites.

Discussion

The relevance of bubble detection to assess decompression
stress is routinely accepted. However, its use to characterize
DCS risk is a controversial topic. This controversy could
come from the fact that the severity of exposures has never
been considered as a major discriminating factor in relating
DCS to VGE. This study considers both exposure severity
ranges and bubble grades to assess DCS risk. Although the
exposure index used, Q, is based only on the depth of the
dive and the time spent at that depth, i.e., the gas loading, and
does not include any decompression information, there is an
apparent correlation between the risk of DCS and increasing
Q. This is a result of practical decompression tables based
on supersaturation having an increasing risk of DCS as the
exposure increases.

Analytical studies have shown that the risk increases
considerably with longer bottom times and with increasing
depth, although not nearly as much as with bottom time.*3
A survey of commercial air diving in the UK sector of the
North Sea clearly showed that the severity of the exposure
significantly increased the risk of DCS,* prompting
the use of O as a convenient means of limiting diving
activities for safety.*® It should be noted that since different
decompression tables may have different risks of DCS,
the relationship between Q and pDCS may differ between
tables depending on the nature of the decompression profile
and the decompression time. For this study, the majority of
dives analyzed used air decompression tables developed by
DCIEM.?*?  Although Q is not intended to represent the
‘quality’ of the decompression as a stress index, nevertheless,
by taking into account both depth and bottom time, it
provides a valuable means for relating exposure to DCS risk.

We examined the Doppler VGE grades from the chest and
shoulders and the DCS data from a large DRDC dataset
of air dives. Our results seem to confirm the observations
that without subclavian bubble detection, a number of DCS
cases would not have been associated with bubbles based
on precordial monitoring alone.'” Thus it was important to
monitor both sites. Overall, no site provided systematically
higher bubble grades and both PRE and SC bubble grades
were in substantial agreement. However, after taking into
account the severity of exposure with the Q index, there was
a minimum six-fold increase in the probability of DCS for
high subclavian bubble grades compared to an approximately
three-fold increase for high precordial bubble grades
(Table 2). It was also noticeable that high SC bubble grades
were particularly associated with a significant DCS risk ratio
when compared to low SC bubble grades for a large spectrum
of dives in terms of the severity of exposure. This was less
pronounced for PRE bubble grades (see Table 3 vs. Table 4).

Until now, subclavian detection has been used as
supplementary or complementary information to precordial
detection to assess the physiological stress induced by
decompression.**® This study is the first to quantify
comparison of subclavian and precordial bubble grades and
suggests that the usefulness of subclavian Doppler detection
in evaluating decompression stress has been underestimated
in past studies. This result could be seen as unexpected as
the subclavian sites can only reveal bubbles produced in
the upper part of the body, while the precordial site reflects
that of the whole body. However, bubbles in the precordial
region can be masked by the heart (background) noises, and
audio artefacts from the valves of the heart may mislead the
operator and cause them to register false positive grades.
This is not the case for bubbles flowing in subclavian veins
where the background noises are minimal and bubble signals
are relatively unambiguous.

Our study has some limitations. Firstly, we did not consider
the different types of DCS or symptoms but grouped them all
together, including marginal and cutaneous events. If a larger
number of marginal and cutaneous events were available,
they might be better treated independently.

Secondly, as the data analysed were collected over a long
period (from 1979 to 2013) by several different raters, there
may be some inter-rater variability in bubble detection
and grading of the many divers included in the study.
Assessment of the inter-rater agreement on grading bubbles,
demonstrated that DRDC had effective, practical techniques
to ensure comparable grades when Doppler data from
several raters were combined.* For example, each rater was
evaluated prior to any new study, and the raters often worked
in pairs. In cases where there were doubts about grading
difficult bubble signals, the two scorers (often including
DRDC’s senior Doppler rater in practically all the cases)
would review these signals and reach a consensus on the
correct grade. New raters would work with all the other raters
and grade a number of previously graded signals until a high
degree of comparability with the other raters was reached.

Thirdly, only the results for precordial and subclavian VGE
for the resting condition (a steady state condition) were
looked at; taking into account the movement condition
that results in a transient increase in VGE levels was not
considered.

Modern decompression models and algorithms developed
for decompression tables or for implementation in diving
computers can certainly help to reduce the risk of DCS.
Nevertheless, there is a high inter- and intra-individual
variability of risk and no guidelines have been provided for
individualized choice of diving practices, for example, when
more or less conservative procedures should be selected.

To improve diving practices and reduce DCS risks, divers
need an objective measure of individual decompression
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stress. VGE grades could be used to provide such a measure
if an individual’s history of VGE is known. In a study on no-
decompression limits for compressed air, graphic methods
were used to develop isopleths of equal occurrence of VGE
and DCS pain and it was recommended that DCS and VGE-
prone divers should dive only in shallow waters and should
be rejected as candidates for occupational diving.”® In a
series of decompression-required dives tested at DCIEM,
it was found that a depth-bottom time limiting line could
be established beyond which high VGE grades and DCS
would result, leading to the conclusion that ‘high bubblers’
should avoid diving at or near the limiting line and that
only ‘low bubblers’ should dive above the limiting line.>!
More recently, it has been suggested that a modification of
some of the diving practices of divers producing high VGE
grades could potentially decrease their DCS risks since
it was observed that divers having a history of mild DCS
were more prone to VGE formation than divers without a
DCS history.’? Another suggestion made is that with a good
method of interpreting VGE data, there is a possibility of
long-term monitoring of an individual’s susceptibility to
DCS to derive individualized decompression schedules to
reduce the risks of DCS.%

Conclusions

In general, low bubble grades are associated with lower
risks of DCS. When exposure severity is taken into account,
this association was stronger for bubble grades from the
subclavian sites than from the precordial site. For high
bubble grades, the probability of DCS with high subclavian
bubble grades was much greater than that for high precordial
bubble grades. These findings suggest that the usefulness of
subclavian VGE detection using Doppler ultrasound in the
development of safer diving has always been underestimated
in the past. Doppler VGE detection could be a valuable tool
in the improvement of diving practices through the reduction
of bubble grades.
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Abstract

(Lippmann J, Lawrence CL, Fock A, Jamieson S. Provisional report on diving-related fatalities in Australian waters 2012.
Diving and Hyperbaric Medicine. 2018 September;48(3):141-167. doi: 10.28920/dhm48.3.141-167. PMID: 30199888.)
Introduction: An individual case review of known diving-related deaths that occurred in Australia in 2012 was conducted.
Method: The case studies were compiled using statements from witnesses and reports of the police and coroners. In each case,
the particular circumstances of the accident and details from the post-mortem examination, where available, are provided.
Results: There were 26 reported fatalities (four less than the previous year). Only two of the victims were female
(one snorkeller and one scuba diver). Fourteen deaths occurred while snorkelling and/or breath-hold diving, 11 while scuba
diving and one diver died while using surface supplied breathing apparatus in a commercial pearl diving setting. Two
breath-hold divers likely drowned as a result of apnoeic hypoxia. Cardiac-related issues were thought to have contributed
to the deaths of at least three and possibly seven snorkellers and four scuba divers.

Conclusions: Pre-existing medical conditions; poor organisation, planning and supervision; equipment-related problems;
snorkelling or diving alone or with loose buddy oversight and apnoeic hypoxia were features in several deaths in this series.

Introduction

Each year deaths occur during scuba diving and snorkelling.

Analysis of diving-related fatalities indicates that many might

have been avoided through appropriate countermeasures.

The aims of the DAN Dive Fatality Reporting Project are to:

e educate divers and the diving industry about good, safe
diving and snorkelling practices;

* inform physicians on the causes of fatal dive accidents in
the hope of reducing the incidence of similar accidents
in the future and of detecting, in advance, those who
may be at risk.

This report includes the diving-related fatalities between
01 January and 31 December 2012 that are recorded on
the DAN Asia-Pacific (AP) database. When an accident
is unwitnessed, it is difficult to determine accurately what
had occurred. We have sometimes included considered
speculation within the comments to provoke thought about
the possible sequence of events. A summary of the possible
sequence of events in each of these incidents is shown in
Table 3 as part of the discussion.

Methods

Ethics approvals were received from the Victorian
Department of Justice Human Research Ethics Committee
(to access data from the Australian National Coronial

Information System (NCIS)); the Royal Prince Alfred
Hospital Human Research Ethics Committee; the Coronial
Ethics Committee of the Coroner’s Court of Western
Australia; and the Queensland Office of the State Coroner.
The methodology used for this report was identical to that
described previously for the 2004 Australian diving-related
fatalities.!

Breath-hold and snorkelling fatalities (Table 1)

There were 14 snorkelling deaths recorded, the majority
(nine) occurring in the State of Queensland on the Great
Barrier Reef (GBR) or associated islands.

BH 12/01

This 64-year-old (y.o.) male was an overseas tourist who
was on a day trip to an island on the GBR. He had a history
of stage 1 myeloma for which he was being monitored with
six-monthly blood tests but not yet receiving treatment. He
was taking diclofenac and omeprazole. He was reported to
have been a capable swimmer who had dived and snorkelled
several times before.

He was using his own mask and snorkel and hired a lycra
suit. Although he was wearing bootees, it was uncertain if
he had been wearing fins. The weather was sunny with a
light wind and the water was calm and clear. He went to an
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unsupervised area and snorkelled there alone. Approximately
45 minutes (min) later, he was seen to be floating motionless
with his snorkel submerged and only his shoulder blades
visible. A lifesaver and an assistant dragged him onto
a paddle board, and took him to a nearby vessel. Basic
life support (BLS) was commenced by another lifesaver
approximately 10 min after he was first seen. After another
5-10 min an AED was attached and repeatedly indicated
that no shock was advised. Supplementary oxygen was
provided (method unreported). The lifeguard unsuccessfully
attempted to insert a supraglottic airway (i-gel). Two
doctors (tourists) became involved in resuscitation efforts
and implemented advanced life support (ALS). The victim
failed to respond and resuscitation was ceased after an hour.
One doctor reported that the victim was very cold when she
initially assessed him and estimated that he might have been
dead for possibly 30 min when found.

Autopsy: (1 day post mortem). The heart weighed 408 g
(normal range (n.r.) 295-445 g). There was some concentric
left ventricular thickening, redundancy of the mitral valve
and 50% narrowing of the coronary arteries. There was
frothy fluid in the upper airways, the right and left lungs
weighing 926 g (n.r. 410-892 g) and 884 g (n.r. 378-780g),
respectively and oedematous. Myeloma was detected in the
bone marrow. The cause of death was given as drowning but
the possibility of a precursor event related to heart disease
or myeloma could not be excluded.

Comments: What caused the victim to become unconscious
is unknown. He had mild left ventricular hypertrophy, mild
mitral incompetence and a 50% stenosis of the coronary
arteries. Generally none of these factors in isolation would be
severe enough to cause loss of consciousness. His decision to
snorkel alone in an unpatrolled area likely led to a substantial
delay in the recognition of a problem and the subsequent
rescue. Despite prompt and appropriate post-rescue BLS and
ALS, death was likely inevitable because of this delay. An
alternate interpretation of the fluid-laden lungs at autopsy
could be immersion pulmonary oedema (IPE).

Summary: 64 y.o. male; history of stage 1 myeloma and back
pain; capable swimmer; had snorkelled several times before
and earlier that day; snorkelling alone; found unconscious in
water after probably long delay; AED attached (long delay)
but no shock advised; drowning

BH 12/2

This 82 y.o. man was an overseas tourist who was on a day
trip to the GBR on a large tourist vessel. He had a history of
hypertension, hypercholesterolaemia, stroke and coronary
atherosclerosis. His wife reported that he had “heart surgery
twice ... with five stents inserted over the past five years”.
His prescribed medications included fexofenadine, lisinopril,
ezetimibe, simvastatin and sildenafil. He was reported to
have been a strong swimmer but his snorkelling experience
is unknown. The pre-dive briefing included warnings about

the risks of snorkelling with certain medical conditions,
including cardiac conditions. Participants were asked to
declare any medical conditions but he failed to do so. He
had slept well, was in a good mood and appeared confident
about snorkelling on the reef.

On arrival at the pontoon, he took a mask and snorkel (it is
unclear if he wore fins). He was advised to take a stinger
suit and buoyancy aid, such as a lifejacket or ‘noodle’.
However, he refused. One witness reported that he sounded
drunk. The weather was clear with a light wind, the water
was calm with a low swell and the current was variously
reported to be slight (by staff) to strong (by passengers).
The victim entered the water wearing a t-shirt and shorts
and his snorkelling gear and was initially observed to be
swimming well. However, he soon appeared to be distressed
and then motionless, face-down in the water with the end of
his snorkel submerged. Another snorkeller went to his aid,
found him to be unconscious, and alerted a lifeguard. His
mask and snorkel were still in place. With the aid of another
snorkeller, he lifted the victim’s head out of the water and
noted white frothy sputum oozing from his mouth. He was
taken by tender to the pontoon, where BLS was commenced
by lifeguards and continued for 40 min. It is likely that a
defibrillator was attached at some point as the presence of
electrode pads were noted at autopsy. However, there were
no details about when this occurred and what was indicated.

Autopsy: (1 day post mortem) Examination of the brain
revealed an old infarct in the left temporal lobe. X-ray of
the chest showed no significant pathology. The heart was
heavy, 565 g (n.r. 331-469 g). The coronary arteries showed
80% calcific stenosis of the right and circumflex coronary
arteries and near occlusion of a stent in the left coronary
artery. There was biventricular hypertrophy. Histological
evidence was seen of scarring but not of acute ischaemia.
The upper airways contained gastric contents. The right
and left lungs weighed 860 g (n.r. 446-880 g) and 782 g
(n.r. 348-790 g), respectively, and were oedematous.
The cause of death was given as drowning secondary to
arrhythmia due to ischaemic heart disease.

Toxicology: Alprozolam < 0.01 mg-kg'; tramadol 0.04
mg-kg! (therapeutic)

Comments: This elderly man with a history of significant
cardiovascular disease had been assessed as medically
fit four months earlier although it is not clear what this
assessment was for. His failure to declare his conditions to
the operator resulted in a lower level of surveillance and
support, although this might not have changed the outcome
as the other snorkellers appeared to have recognised the
problem promptly and reacted appropriately and swiftly. He
was obviously overconfident about his capabilities and health
and determined to snorkel. The staff repeatedly offered him
a buoyancy aid but it is unclear whether this would have
prevented what was likely an arrhythmia precipitated by
the combination of severe cardiac disease, immersion and
exertion.
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The authors are not aware of studies of the physiological
effects of immersion of elderly individuals taking
cardioactive medications. This individual was taking a
potent pulmonary vasodilator as well as medication with
the potential to alter his renal response to immersion. The
effects of such combinations on an individual with impaired
cardiovascular reserve secondary to ischaemic heart disease
may well have resulted in the sudden onset of an arrhythmia
or possibly IPE.

Summary: 82 y.o. male; history of hypertension,
hypercholesterolaemia, stroke and coronary atherosclerosis;
capable swimmer but snorkelling ability unknown; failed to
declare medical conditions; refused buoyancy aids; became
unconscious in water; drowning (likely cardiac-related)

BH 12/03

This 37 y.o. male was an overseas visitor with a history of
hypercholesterolaemia (medications unreported) and of
several episodes of post-exercise hypotension. There was
a family history of hypertrophic cardiomyopathy in three
of his uncles with a known genetic mutation (MYPBC3
c.1073delC). However, a resting ECG and exercise test
done eight months prior to the incident were normal. His
swimming ability and snorkelling experience were unknown.
He was among a group of nine conference delegates who
went snorkelling from the beach of a small offshore island
as part of an organised kayak tour. The weather was clear
with a moderate wind and there was a surface chop. No
information was available about the current. The victim was
wearing mask, snorkel, fins and board shorts. He was not
using a buoyancy aid.

Sometime later, the victim waved his arm indicating that
he was in distress. The tour operator went to his assistance
and he was loaded onto a nearby dive boat, unconscious and
apnoeic. The boat transferred him to the local water police
office (possibly a 10-min trip). Police boarded the vessel and
began BLS. Supplementary oxygen was provided (method
unknown). Paramedics arrived 20 min later and implemented
ALS. The victim was initially found to be in ventricular
fibrillation (VF) and so was defibrillated. However, this
reverted to asystole and then pulseless electrical activity
(PEA) before spontaneous circulation returned. The victim
was transported to hospital but died six hours post incident.

Autopsy: (1 day post mortem) There was bruising of the
tongue. The heart weighed 354 g (n.r. 331-469 g) and
appeared normal. The free wall of the left ventricle was
10 mm and the inter-ventricular septum was 11 mm. The
ratio of septal to left ventricular posterior wall thickness was
1.1 (in hypertrophic cardiomyopathy this ratio is greater
than 1.4).2 There was a 50% stenosis of the first diagonal
artery of the left anterior descending (LAD) coronary artery.
Histologically, there were occasional microscopic foci of
myocardial fibre disarray of uncertain significance. The
right and left lungs weighed 1014 g (n.r. 446-880 g) and

826 g (n.r. 348-790 g), respectively, and were heavy with
haemorrhagic oedema and early aspiration pneumonia.
Ante-mortem serum osmolarity was high, 331 mmol-L!
(n.r. 275-295). The cause of death was given as aspiration
pneumonia and multi-organ ischaemia secondary to a cardiac
arrhythmia (ventricular fibrillation), diagnosed clinically.

Comments: This case strongly suggests some form of
cardiac arrhythmia but