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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

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.1–8  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.

It is well known that the bubbles formed in the various parts 
of the body during a decompression can be pathogenic 
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.9–20  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).21,22  
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.23–25  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.26–29  
The potential of bubble detection to assess the relevance of 
decompression procedures may have been clearly pointed 
out using modern statistical approaches.22,30,31  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 
a large 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 BMI.32

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.33  The 
Doppler bubble signal (in the audible frequency range) 
is graded using either the Kisman-Masurel (KM)34 or 
Spencer9 grading systems, with grade zero for the absence 
of detectable bubbles and grade four for a continuous flow 
of bubbles.23

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.35  Nevertheless, no large study has 
rigorously compared data from the precordial and subclavian 
sites, even if some data17 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.36,37

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).29  The Doppler signals were graded 
using the KM code34 where bubbles are classified on a 
scale from 0 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
(i.e., 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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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 t (minutes, min); and decompression duration 
(total ascent time) tat (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.17  There was a considerable reduction in 
sensitivity in detecting VGE if only the precordial site was 
monitored, 47% versus 60% for all-sites monitoring.25

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 0 to II+ were considered 
low bubble grades and encoded HBG = 0.

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 t (min) 30 [2.6−120] 30 [6.8−120] 30 [2.6−120]

Decompression duration tat (min) 16.2 [0.9−89.5] 55.8 [2.5 −84.6] 14.3 [0.9−85.9]

Exposure index (Q = P√t)38 189 [67−296] 247 [174 −285] 186 [66−295]

PRE grades 0 [0−IV] II+ [0−IV] 0 [0−IV]

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

SC grades 0 [0−IV] III− [0−IV] 0 [0−IV]

SC HBG = 1, n (%) 149 (15 %) 14 (63 %) 135 (14%)

PRE bubble grades

0 634 (62.4%) 2 (9.1%) 632 (63.6%)

I-, I, I+ 123 (12.1%) 3 (13.6%) 120 (12.1%)

II-, II, II+ 118 (11.6%) 7 (31.8%) 111 (11.2%)

III-, III, III+ 138 (13.3%) 9 (40.9%) 129 (13.0%)

IV-, IV 3 (0.3%) 1 (4.5%) 2 (0.2%)

SC bubbles grades

0 616 (60.6%) 4 (18.1%) 612 (61.6%)

I-, I, I+ 154 (15.2%) 2 (9.1%) 152 (15.3%)

II-, II, II+ 97 (9.5%) 2 (9.1%) 95 (9.6%)

III-, III, III+ 136 (13.4%) 11 (50.0%) 125 (12.6%)

IV-, IV 13 (1.3%) 3 (13.6%) 10 (1.0%)
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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.38

	 Q = P√t (msw∙min0.5)	 (1)

This index does not incorporate any decompression 
information and a theoretical analysis has shown its 
limitations for dives requiring decompression.39  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 1988.40  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,41 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 test42 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) = 1/[1+exp(-a
0
-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, t, 
and tat 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:42

RR
HBG=1 vs HBG=0

 = 
OR

HBG=1 vs. HBG=0
 /(1

pDCS + pDCS
*OR

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 .  Al l  t es t s  were  two- ta i l ed  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 assessing 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, t 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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Adjustment Covariate OR [95% CI] RR [95% CI] p-value AIC

Q
PRE HBG = 1 2.7 [1.1–6.7] 2.6 [1.1–6.2] 0.03 193

SC HBG = 1 6.8 [2.8–17.6] 6.5 [2.8–15.2] < 0.0001 180

P, t, tat
PRE HBG = 1 2.9 [1.2–7.4] 2.9 [1.1–6.9] 0.02 194

SC HBG = 1 7.1 [2.9–18.4] 6.8 [2.9–16.2] < 0.0001 181

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% CIs]; 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); t – bottom time (min); tat – decompression duration (min)

(see text for explanation)

Q = P√t
DCS/no DCS DCS (%) DCS/no DCS DCS (%) RR p-value

PRE HBG = 1 PRE HBG = 0

[0−150] 0/4 0 0/353 0 NA -

[150−200] 2/16 12.5 2/181 1.1 11.4 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 3
Decompression sickness (DCS) number, incidence and relative risk ratio for PRE HBG by exposure group (see text for explanation)

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)

Table 4
Decompression sickness (DCS) number, incidence and relative risk for SC HBG by exposure group (see text for explanation)

Q = P√t
DCS/no DCS DCS (%) DCS/no DCS DCS (%) RR p-value

SC HBG = 1 SC HBG = 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

Covariate RR [95% CI] p-value AIC

Q, PRE 1.18 [1.07−1.32] 0.04 193

Q, 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.44,45  
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,46 prompting 
the use of Q as a convenient means of limiting diving 
activities for safety.40  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.26–29  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.17  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.47,48  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.49  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 



Diving and Hyperbaric Medicine  Volume 48 No. 3 September 2018138

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.50  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.51  
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.52  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.53

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.

References

1	 Weathersby PK, Homer LD, Flynn ET. On the likelihood of 
decompression sickness. J Appl Physiol. 1984;57:815–25. 
doi: 10.1152/jappl.1984.57.3.815.

2	 Parker EC, Survanshi SS, Massell PB, Weathersby PK. 
Probabilistic models of the role of oxygen in human 
decompression sickness. J Appl Physiol. 1998;84:1096–102. 
doi: 10.1152/jappl.1998.84.3.1096.

3	 Gerth WA, Vann RD. Development of iso-DCS risk air and 
nitrox decompression tables using statistical bubble dynamics 
models. Final report. Bethesda, MD: National Oceanic and 
Atmospheric Administration, Office of Undersea Research; 
1996. Available from: http://archive.rubicon-foundation.
org/4602. [cited 2017 December 10].

4	 Gerth WA, Vann RD. Probabilistic gas and bubble dynamics 
models of DCS occurrence in air and N

2
O

2
 diving. Undersea 

Hyperb Med. 1997;24:275–92. PMID: 9444059.
5	 Weathersby PK, Hart BL, Flynn ET, Walker WF. Role 

of oxygen in the production of human decompression 
sickness. J Appl Physiol. 1987;63:2380–7. doi: 10.1152/

jappl.1987.63.6.2380.
6	 Weathersby PK, Survanshi SS, Nishi RY. Relative 

decompression risk of dry and wet chamber air dives. Undersea 
Biomed Res. 1990;17:333–52. PMID: 2396332. 

7	 Weathersby PK, Survanshi SS, Nishi RY, Thalmann ED. 
Statistically based decompression tables VII: selection and 
treatment of primary air and N

2
O

2
 data. NMRI Technical 

Report 92-85. Bethesda, MD: Naval Medical Research 
Institute; 1992. Available from: http://archive.rubicon-
foundation.org/3408. [cited 2017 December 10].

8	 Weathersby PK, Survanshi SS, Homer LD, Parker E, 
Thalmann ED. Predicting the occurrence of decompression 
sickness. J Appl Physiol. 1992;72:1541–8. doi: 10.1152/
jappl.1992.72.4.1541.

9	 Spencer MP, Johanson DC. Investigation of new principles 
for human decompression schedules using the Doppler 
ultrasonic blood bubble detector. Tech Report to ONR on 
Contract N00014-73-C-0094. Seattle, WA: Institute for 
Environmental Medicine and Physiology; 1974. Available 
from: http://archive.rubicon-foundation.org/3788. [cited 2017 
December 10].

10	 Nashimoto I, Gototh Y. Ultrasonic Doppler detection of blood 
bubbles in caisson work. In: Pearson R, editor. Early diagnosis 
of decompressions. Proceedings of the 12th Undersea Medical 
Society Workhsop. UMS 7-30-77. Bethesda MD: Undersea 
Medical Society; 1977. p. 171–83.

11	 Nashimoto I, Gotoh Y. Relationship between precordial 
Doppler ultrasound records and decompression sickness. In: 
Shilling CW, Beckett MW, editors. Underwater physiology 
VI: Proceedings of the Sixth Symposium on Underwater 
Physiology. Bethesda, Maryland: Federation of American 
Societies for Experimental Biology; 1978. p. 497–501.

12	 Powell MR, Johanson DC. Ultrasound monitoring and 
decompression sickness. In: Shilling CW, Beckett MW, 
editors. Underwater physiology VI: Proceedings of the Sixth 
Symposium on Underwater Physiology. Bethesda, Maryland: 
Federation of American Societies for Experimental Biology; 
1978. p. 503–10.

13	 Gardette B. Correlation between decompression sickness 
and circulating bubbles in 232 divers. Undersea Biomed Res. 
1979;6:99–107. PMID: 462655.

14	 Vann RD, Dick AP, Barry PD. Doppler bubble measurements 
and decompression sickness [Abstract]. Undersea Biomed 
Res. 1982;9(Suppl1):S24. 

15	 Eatock BC. Correspondence between intravascular bubbles 
and symptoms of decompression sickness. Undersea Biomed 
Res. 1984;11:326–9.

16	 Masurel G. Contribution à l’étude du rôle physiopathologique 
des bulles générées chez l’animal et chez l’homme par un 
séjour en atmosphère hyperbare [PhD Thesis]. Lyon: Claude 
Bernard-Lyon I University; 1987. French.

17	 Sawatzky KD. The relationship between intravascular 
Doppler-detected gas bubbles and decompression sickness 
after bounce diving in humans [MSc thesis]. Toronto: York 
University; 1991.

18	 Conkin J, Powell MR, Foster PP, Waligora JM. Information 
about venous gas emboli improves prediction of hypobaric 
decompression sickness. Aviat Space Envrion Med. 
1998;69:8–16. PMID: 9451528.

19	 Pilmanis AA, Kannan N, Krause KM, Webb JT. Relating 
venous gas emboli (VGE) scores to altitude decompression 
sickness (DCS) symptoms. [Abstract]. Aviat Space Envrion 
Med. 1999;70:364.

20	 Eftedal OS, Lydersen S, Brubakk AO. The relationship between 



Diving and Hyperbaric Medicine  Volume 48 No. 3 September 2018 139

venous gas bubbles and adverse effects of decompression after 
air dives. Undersea Hyperb Med. 2007;34:99–105. PMID: 
17520861.

21	 Pollock NW. Use of ultrasound in decompression research. 
Diving Hyperb Med. 2007;37:68–72.

22	 Blogg SL, Møllerløkken A. The use of venous gas emboli to 
validate dive computers. Proceedings of validation of dive 
computers workshop. In: Blogg SL, Lang MA, Møllerløkken 
A, editors. European Underwater and Baromedical Society; 
2012. p. 93–7. Available from: http://archive.rubicon-
foundation.org/10151. [cited 2017 December 10].

23	 Nishi RY, Brubakk AO, Eftedal OS. Bubble detection. In: 
Brubakk AO, Neuman TS, editors. Bennett and Elliott’s 
physiology and medicine of diving, 5th ed. London: WB 
Saunders; 2003. p. 501–29.

24	 Jones AD, Miller BG, Colvin AP. Evaluation of Doppler 
monitoring for the control of hyperbaric exposure in tunneling. 
Research Report RR598. UK Health and Safety Executive; 
2007. [cited 2017 December 10]. Available from: http://www.
hse.gov.uk/research/rrhtm/rr598.htm.

25	 Cooper PD, Van den Broek C, Smart DR, Nishi RY, Eastman 
D. Hyperbaric chamber attendant safety I: Doppler analysis 
of decompression stress in multiplace chamber attendants. 
Diving Hyperb Med. 2009;39:63–70.

26	 Lauckner GR, Nishi RY, Eatock BC. Evaluation of the 
DCIEM 1983 decompression model for compressed air 
diving (series A-F). DCIEM Report n 84-R-72. Downsview, 
Ontario, Canada: Defence and Civil Institute of Environmental 
Medicine; 1984. [cited 2017 December 10]. Available from: 
http://www.drdc-rddc.gc.ca/en/publications.page.

27	 Lauckner GR, Nishi RY, Eatock BC. Evaluation of the 
DCIEM 1983 decompression model for compressed air 
diving (series G-K). DCIEM Report n 84-R-73. Downsview, 
Ontario, Canada: Defence and Civil Institute of Environmental 
Medicine; 1984. [cited 2017 December 10]. Available from: 
http://www.drdc-rddc.gc.ca/en/publications.page.

28	 Lauckner GR, Nishi RY, Eatock BC. Evaluation of the DCIEM 
1983 decompression model for compressed air diving (series 
L-Q). DCIEM Report No 85-R-18. Downsview, Ontario, 
Canada: Defence and Civil Institute of Environmental 
Medicine; 1985. [cited 2017 December 10]. Available from: 
http://www.drdc-rddc.gc.ca/en/publications.page.

29	 Nishi RY, Eatock BC. The role of ultrasonic bubble detection 
in table validation. In: Schreiner HR, Hamilton RW, editors. 
Validation of decompression tables. Proceedings of the 37th 
Undersea and Hyperbaric Medical Society Workshop, UHMS 
Publication 74(VAL)1-1-88. Bethesda, MA: Undersea and 
Hyperbaric Medical Society; 1989. p. 133–7. Available 
from: http://archive.rubicon-foundation.org/7994. [cited 2017 
December 10].

30	 Doolette DJ, Gault KA, Gutvik CR. Sample size requirement for 
comparison of decompression outcomes using ultrasonically 
detected venous gas emboli (VGE): power calculations using 
Monte Carlo resampling from real data. Diving Hyperb Med. 
2014;44:4–19. PMID: 24687480.

31	 Eftedal OS, Tjelmeland H, Brubakk AO. Validation of 
decompression procedures based on detection of venous gas 
bubbles: a Bayesian approach. Aviat Space Environ Med. 
2007;78:94–9. PMID: 17310879.

32	 Shannon JS. The relationship of inert gas and venous gas 
emboli to decompression sickness [PhD thesis]. Durham, NC: 
Duke University; 2003.

33	 Germonpré P, Papadopoulou V, Hemelryck W, Obeid 
G, Lafère P, Eckersley RJ, et al. The use of portable 2D 

echocardiography and ‘frame-based’ bubble counting as a 
tool to evaluate diving decompression stress. Diving Hyperb 
Med. 2014;44:5–13. PMID: 24687479.

34	 Kisman KE, Masurel G, LaGrue D. Evaluation de la qualité 
d’une décompression basée sur la détection ultrasonore des 
bulles. Méd Aéro Spat Méd Sub Hyp. 1978;17:293–7. French.

35	 Møllerløkken A, Blogg SL, Doolette DJ, Nishi RY, Pollock 
NW. Consensus guidelines for the use of ultrasound for 
diving research. Diving Hyperb Med. 2016;46:26–32. PMID: 
27044459.

36	 Blogg LS, Gennser M, Møllerløkken A, Brubakk AO. 
Ultrasound detection of vascular decompression bubbles: the 
influence of new technology and considerations on bubble 
load. Diving Hyperb Med. 2014;44:35–44. PMID: 24687484.

37	 Tufan K, Ademoglu A, Kurtaran E, Yildiz G, Aydin S, Egi 
SM. Automatic detection of bubbles in the subclavian vein 
using Doppler ultrasound signals. Aviat Space Environ Med. 
2006;77:957–62. PMID: 16964747.

38	 Hempleman HV. Investigation into the decompression tables: 
a new theoretical basis for the calculation of decompression 
tables. Royal Naval Personnel Research Committee, Report III 
– Part A, UPS131, Medical Research Council, London; 1952.

39	 Ashida H, Ikeda T, Tikuisis P, Nishi RY. Relationship 
between two different functions derived from diffusion-based 
decompression theory. Undersea Hyperb Med. 2005;32:429–
35. PMID:16509285.

40	 Shields TG, Duff PM, Wilcock SE, Giles R. Decompression 
sickness from commercial offshore air diving operations 
on the UK continental shelf during 1982–1988. Society of 
Underwater Technology – Report SUT-AUTOE-v23-259; 
1989. [cited 2017 December 10]. Available from: https://
www.onepetro.org/conference-paper/SUT-AUTOE-v23-259.

41	 Olsson U. Maximum likelihood estimation of the polychoric 
correlation coefficient. Psychometrika. 1979;44:443–60. doi: 
10.1007/BF02296207.

42	 Wilcoxon F. Individual comparisons by ranking methods. 
Biometrics Bulletin. 1945;1(6):80–3. doi: 10.2307/3001968.

43	 Zhang J, Kai FY. What’s the relative risk? A method of 
correcting the odds ratio in cohort studies of common outcomes. 
JAMA. 1998;280:1690–1. doi: 10.1001/jama.280.19.1690. 
PMID: 9832001.

44	 Weathersby PK, Survanshi SS, Hays JR, MacCallum ME. 
Statistically based decompression tables III: comparative risk 
using US Navy, British, and Canadian standard air schedules. 
NMRI 86-50, Naval Medical Research Institute, Bethesda, 
MD; 1986. Available from: http://archive.rubicon-foundation.
org/3404. [cited 2018 July 15].

45	 Gerth WA, Doolette DJ.  Schedules in the integrated air 
decompression table of US Navy diving manual, Revision 
6: Computation and Estimated Risks of Decompression 
Sickness. NEDU Technical Report 09-05. Panama City, FL: 
Navy Experimental Diving Unit; 2009. Available from: http://
archive.rubicon-foundation.org/9898. [cited 2018 July 15].

46	 Shields TG, Lee WB. The incidence of decompression 
sickness arising from commercial offshore air-diving 
operations in the UK sector of the North Sea during 1982/83. 
Offshore Technology Report – OTO 97812. Health and Safety 
Executive, UK; 1997. [cited 2018 July 15]. Available from: 
http://www.hse.gov.uk/research/otopdf/1997/oto97812.pdf.

47	 Eckenhoff RG, Olstad CS, Carrod G. Human dose-response 
relationship for decompression and endogenous bubble 
formation. J Appl Physiol. 1990;69:914–8. doi: 10.1152/
jappl.1990.69.3.914. PMID: 2246178.



Diving and Hyperbaric Medicine  Volume 48 No. 3 September 2018140

48	 Jankowski LW, Tikuisis P, Nishi RY. Exercise effects during 
diving and decompression on postdive venous gas emboli. 
Aviat Space Environ Med. 2004;75:489–95. PMID: 15198273.

49	 Sawatzky KD, Nishi RY. Assessment of inter-rater agreement 
on the grading of intravascular bubble signals. Undersea 
Biomed Res. 1991;18:373–96. PMID: 1746065.

50	 Spencer MP. Decompression limits for compressed air 
determined by ultrasonically detected blood bubbles. J Appl 
Physiol. 1976 ;40:229–35. doi: 10.1152/jappl.1976.40.2.229. 
PMID: 1249001.

51	 Nishi RY, Kisman KE, Eatock BC, Buckingham IP, Masurel 
G. Assessment of decompression profiles and divers by 
Doppler ultrasonic monitoring. In: Bachrach AJ, Matzen 
MM, editors. Underwater physiology VII: Proceedings of the 
Seventh Symposium on Underwater Physiology. Bethesda, 
MD: Undersea Medical Society; 1981. p. 717–27.

52	 Gawthrope IC, Summers M, Macey DJ, Playford DA. An 
observation of venous gas emboli in divers and susceptibility to 
decompression sickness. Diving Hyperb Med. 2015;45:25–8. 
PMID: 25964035.

53	 Chappell M. Modeling and measurement of bubbles in 
decompression sickness [PhD thesis]. Oxford: University of 
Oxford; 2006.

Funding and conflicts of interest: nil

Submitted: 12 December 2017; revised 29 May and 30 July 2018
Accepted: 05 August 2018

Copyright: This article is the copyright of the authors who grant 
Diving and Hyperbaric Medicine a non-exclusive licence to publish 
the article in electronic and other forms.

The database of randomised controlled trials in diving and hyperbaric medicine 
maintained by Michael Bennett and his colleagues at the Prince of Wales Hospital 

Diving and Hyperbaric Medicine Unit, Sydney is at:
 http://hboevidence.unsw.wikispaces.net/

Assistance from interested physicians in preparing critical appraisals (CATs) is 
welcomed, indeed needed, as there is a considerable backlog.

Guidance on completing a CAT is provided.
Contact Professor Michael Bennett: m.bennett@unsw.edu.au


