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Editorial

In this issue, Anderson and colleagues report follow-up of 
divers who were found to have a persistent (patent) foramen 
ovale (PFO) or, in eleven cases, an atrial septal defect 
(ASD).1  In most divers diagnosis followed an episode of 
decompression illness (DCI). The efficacy of closure of the 
PFO/ASD in preventing future DCI was compared with 
conservative diving. They reported that in the closure group 
the occurrence of confirmed DCI decreased significantly 
compared with pre-closure, but in the conservative group 
this reduction was not significant.

It is believed there are three requirements for a diver to suffer 
shunt-mediated DCI:
• A significant right-to-left shunt (usually a large PFO 

but sometimes an ASD or pulmonary arteriovenous 
malformation).

• Venous bubbles nucleated during decompression 
circumvent the lung filter by passing through the shunt.

• Target tissues are supersaturated with dissolved inert 
gas, so that they are able to amplify embolic bubbles.2,3

All three are required because DCI does not occur after 
contrast echocardiography when bubbles cross a right-to-
left shunt.

Therefore, there are two ways that a diver who has suffered 
shunt-mediated DCI may continue to dive – either their 
shunt is sealed or future dives should be so conservative 
that venous bubbles are not liberated and/or critical tissues 
are not able to amplify embolic bubbles.4

PFO/ASD closure will give divers a risk of DCI comparable 
to the risk in others without a right-to-left shunt, if the 
procedure adequately seals the shunt. Closure of the shunt 
will not prevent a diver suffering DCI by other mechanisms, 
such as when there is arterial gas embolism (AGE) as a 
result of pulmonary barotrauma or when the dive profile 
is provocative (e.g., if there is rapid ascent or missed 
decompression stops). Conservative diving will be effective 
only if all the dives performed are truly conservative and 
prevent bubble nucleation and/or amplification.

The study by Anderson et al. has a number of serious 
limitations.1  The study was small with only 62 self-selected 
divers, who self-reported outcomes. Eleven divers had not 
had DCI when their PFO or ASD was detected. Initially 
36 divers were classified as closure and 26 as conservative 
treatment, but six subjects crossed from the conservative 
group to the closure group. Three of the six dived in the 
conservative group before having closure and are classified 
in both groups depending on whether the dives performed 
were before or after closure. As a result, there were 42 in the 
closure group and 23 in the conservative group.

Randomisation to the treatment groups was not possible 
and its absence results in imbalance. Because the closure 
group is approximately twice as large as the conservative 
group, similar changes in incidence would have a greater 
probability of achieving statistical significance in the former. 
Large shunts were present in more than three-quarters of 
the closure group but fewer than half of the conservative 
group. The authors have three definitions of a 'large' PFO, 
so the definition of large was inconsistent. All ASDs were 
considered to be large.

When dealing with small numbers, one needs patient-level 
data, but that is lacking and may mask inconsistency in 
management. The divers were investigated and treated in 
at least 38 hospitals (some divers did not state where they 
were treated). We do not know what devices were used for 
PFO/ASD closure, and closure effectiveness varies, or what 
tests were performed to assess the effectiveness of closure.5

The primary end-point was not different between the 
two groups because only two episodes of confirmed DCI 
occurred in each group. The authors also considered a softer 
and subjective end-point, possible DCI.

Crucially we are not told what the divers in the conservative 
group were told constitutes a conservative dive and whether 
it was consistent. Nor are we told whether they followed 
the advice given. That is important because it appears that 
incidence of possible DCI increased considerably in only 
the conservative group, which means either that the advice 
they were given on what constitutes a conservative dive was 
flawed, that the divers failed to follow good advice or that 
they frequently reported innocent symptoms as possible DCI, 
because knowledge that they had a PFO may have increased 
their reporting – introducing further bias.

There should be assessment of whether DCI after the 
intervention was shunt-mediated or had another cause. For 
that assessment, one needs to know details of the dives 
resulting in symptoms, clinical manifestations and latency 
of onset.6

I have investigated 20 divers who had DCI after PFO 
closure. In five divers, a contrast echocardiogram showed 
a significant residual shunt. Typically, the diver had their 
closure procedure by a cardiologist lacking knowledge of 
diving medicine and no post-closure contrast echocardiogram 
was performed. In one case, the diver’s PFO was closed but 
they had a residual pulmonary shunt that was not detected. 
In those cases where there is a significant residual shunt, the 
dive profiles, clinical manifestations and latencies of onset 
were typical of shunt-mediated DCI.6

Risk mitigation in divers with persistent (patent) foramen ovale
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The Editor's offering
This issue of the journal contains a range of articles 
addressing issues of high practical and contemporary 
relevance to diving medicine.

The striking cover photo comes from the case report 
describing a cerebral arterial gas embolism (CAGE) event 
occurring on only the second ever dive in a diver with a 
primary lung bulla.1  While not a unique report, it raises 
the unresolved dilemma of how to choose the path of least 
risk in managing CAGE following pulmonary barotrauma 
in a patient with predisposing structural lung disease, and 
particularly where the circumstances of the accident (e.g., 
second ever dive,1 or first ever hyperbaric oxygen treatment2) 
imply a high risk of a repeat event during a recompression, 

even with a slow decompression in a hyperbaric chamber. 
The issue of recompression management in such patients 
would make a stimulating topic for a consensus workshop 
discussion. Another case report describes how a left 
ventricular assist device controller and battery system have 
been cleverly adapted for use in a hyperbaric chamber.3  The 
single review article in this issue addresses the perennially 
debated topic of the safety of medications in diving.4

There are several intriguing original studies in this issue.

Biomarkers of decompression stress or injury are one of our 
field’s holy grails. Preliminary evidence is presented that 
repeated deep trimix dives are associated with a significant 
rise in serum levels of tau protein; a biomarker correlated 
with outcome or severity in some chronic brain diseases 
and acute brain injuries.5  There remains a long way to go 

Three divers, who had PFO closure with no residual 
shunt, subsequently had neurological symptoms with 
manifestations consistent with AGE secondary to pulmonary 
barotrauma. High resolution CT scans of their chests showed 
pulmonary bullae and emphysema.

The  r ema in ing  d ive r s  s een  had  no  r e s idua l 
shunt but had performed highly provocative dives, 
usually much deeper than 50 metres'  sea water 
(msw). The most recent case that I saw had dived to 
102 metres' fresh water (mfw) in a lake at high altitude 
breathing trimix.

In contrast, several hundred divers in whom I diagnosed 
a PFO and who elected to dive conservatively had not 
reported further DCI. I advised them that I have never seen 
shunt-mediated DCI after dives breathing air to depths of 
15 msw or less provided no rules were broken. So I set that 
as the depth limit or allow them to dive to greater depths 
breathing nitrox so that there are equivalent partial pressures 
of nitrogen (e.g., 19 msw with nitrox 32 or 23 msw with 
nitrox 40) provided they use an air decompression table/
algorithm. Alternatively, one can dive using the DCIEM 
recreational air diving table.

Recurrence of DCI after PFO closure may be the result of 
a residual shunt or may have other causes. It is difficult to 
draw conclusions about the safety of 'conservative' diving 
unless one knows what the divers were advised constitutes 
conservative dives and whether they adhered to the advice.
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Front cover image is from a computed tomography scan 
of the chest showing a large thin-walled fluid-containing 
bulla in the right upper lobe of a diver presenting with 
cerebral arterial gas embolism (with permission from 
Goffinet and Simpson – see case report in this issue).

in evaluating the significance and cause of this observation 
in diving, but this finding may translate to an exciting line 
of related research.

There are still limited data on the efficacy of closure of 
a persistent (patent) foramen ovale (PFO) in preventing 
subsequent decompression sickness (DCS) in those 
continuing to dive after the procedure. In this issue, the 
rate of DCS is compared in divers with a PFO who either 
had the PFO closed or continued diving without closure.6  
As in a previous study,7 the authors report that PFO closure 
was associated with a reduction in the rate of new cases of 
DCS. There are few medical issues that are discussed more 
often among divers than whether to be screened for a PFO, 
and how to manage it if one is found. Given the importance 
of the topic, Peter Wilmshurst discusses in his editorial the 
strengths, weaknesses and implications of this study.8

Critical flicker fusion frequency is increasingly being studied 
to measure the effects of inert gas narcosis on cerebral 
function. The narcotic effects of nitrogen, and how these 
effects change if nitrox40 (40% oxygen) rather than air is 
breathed are compared here with cognitive function testing.9  
In a fascinating finding, an increase in both brain activation 
and cognitive ability occurred on arrival at depth, and was 
followed by the more expected deterioration during time 
spent there. This initial enhancement of cognitive ability 
was greater when nitrox was respired.

Whether health problems are an important reason for 
employed divers to leave the industry is examined in an 
interrogation of the New Zealand occupational divers 
database.10  Only a tiny proportion of occupational divers 
who leave the industry appear to do so because of  health 
issues which, therefore, are not the key determinant of 
attrition from the diving industry.

Hypoxia training has been advocated for rebreather divers. 
However, in the study reported in this issue, no benefits were 
found to cognitive performance or subsequent accuracy in 
recall of performance in an hypoxic experience that followed 
five weeks after a previous one.11  The authors discuss 
the substantial challenges to performing a valid study to 
determine whether prior hypoxia experience training would 
help a diver self-rescue in a subsequent hypoxic event during 
diving.
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Abstract
(Anderson G, Ebersole D, Covington D, Denoble PJ. The effectiveness of risk mitigation interventions in divers with 
persistent (patent) foramen ovale. Diving and Hyperbaric Medicine. 2019 June 30;49(2):80–87. doi: 10.28920/dhm49.2.80-
87. PMID: 31177513.)
Introduction: Persistent (patent) foramen ovale (PFO) is a recognized risk for decompression sickness (DCS) in divers, 
which may be mitigated by conservative diving or by PFO closure. Our study aimed to compare the effectiveness of these 
two risk mitigation interventions.
Methods: This was a prospective study on divers who tested positive for PFO or an atrial septal defect (ASD) and either 
decided to continue diving without closure ('conservative group'), or to close their PFO/ASD and continue diving ('closure 
group'). Divers’ characteristics, medical history, history of diving and history of DCS were reported at enrollment and 
annually after that. The outcome measures were the incidence rate of DCS, frequency and intensity of diving activities, 
and adverse events of closure.
Results: Divers in both groups dived less and had a lower incidence rate of confirmed DCS than before the intervention. In 
the closure group (n = 42) the incidence rate of confirmed DCS decreased significantly. Divers with a large PFO experienced 
the greatest reduction in total DCS. In the conservative group (n = 23), the post-intervention decrease in confirmed DCS 
incidence rate was not significant. Of note, not all divers returned to diving after closure. Seven subjects reported mild 
adverse events associated with closure; one subject reported a serious adverse event.
Conclusions: PFO closure should be considered on an individual basis. In particular, individuals who are healthy, have a 
significant DCS burden, a large PFO or seek to pursue advanced diving may benefit from closure.

Introduction

Persistent (patent) foramen ovale (PFO), a remnant of 
foetal interatrial communication which persists after birth 
in about 30% of people, has been suspected as a risk factor 
for decompression sickness (DCS) for nearly four decades.1–3  
The role of a PFO as a conduit that enables arterialization 
of post-dive venous gas emboli (VGE) and occurrence of 
DCS is feasible in cerebral, spinal, cutaneous and vestibular 
manifestations of DCS.4–6

The prevalence of PFO in divers is probably similar to 
that in the general population.7  However, very few divers 
experience DCS. The risk of DCS in recreational divers in 
the United States is 3.4 per 10,000 dives and less than 1 per 
10,000 dives for neurological DCS.8  Research suggests that 
only about 10% of divers experience some form of DCS in 
their lifetime.9,10  However, for divers with a PFO the overall 
risk of DCI doubles, for neurological DCS it increases four-
fold, and for divers with a large PFO, it increases six-fold.11,12  

In order for DCS associated with PFO to occur, at least three 
conditions need to be met:
• Post-dive venous gas emboli must be present.
• A right-to-left shunt must occur, whether spontaneous 

or due to a provocation factor such as Valsalva or 
breathing effort.

• The target tissue must be saturated with inert gas.13–15

Although a large PFO is associated with an increased risk 
of DCS, testing of divers for PFO is only deemed necessary 
if divers have a history of cerebral, spinal, vestibular or 
cutaneous DCS, migraine with aura, cryptogenic stroke or 
a history of PFO or ASD in a first-degree relative.16,17  The 
obvious risk mitigation strategy for such divers is to stop 
diving or to reduce the probability of post-dive venous gas 
bubbles by diving more conservatively.18

Since the trans-catheter closure of PFO was approved for 
secondary prevention of stroke, interventional cardiologists 
have begun to offer it to divers as a risk-mitigation strategy 
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for DCS. The closure of a PFO ablates the major pathway for 
arterialization of venous bubbles.19  However, at the time this 
study was initiated the indications and practice of screening 
for (and closure of) PFO had not been standardized, and 
not all interventional cardiologists willing to provide these 
services had extensive experience with divers or were 
familiar with diving medicine. Also, divers were not always 
properly educated about how a PFO affects the risk of DCS 
and what their options were to mitigate this risk. The present 
study aimed to establish the effectiveness of conservative 
diving versus the closure of PFO for risk mitigation of DCS 
in this environment.

Methods

This study was approved by the Institutional Review Board 
of the Lakeland Regional Medical Center, Lakeland, Florida. 
The study combined retrospective data about the period 
before enrollment and prospective data collected after 
enrollment in the study.

SUBJECTS

Subjects were eligible for this study if they were adult 
certified divers diagnosed with PFO regardless of their DCS 
history, and if they intended to continue diving. Subjects 
responded to study advertisements in social media or were 
referred by other divers. All participants were volunteers 
who provided written informed consent.

The subjects provided anthropometric data, PFO testing data, 
a medical and diving history before the intervention*, and 
an annual report* about their diving activities and related 
outcomes after that.

Divers were classified as 'conservative' if after diagnosis with 
a PFO they decided to continue diving without undergoing 
closure, or 'closure' if they decided to get their PFO closed. 
In the conservative group, the intervention was the diagnosis 
of PFO and the post-intervention period began with that 
diagnosis. In the closure group, the intervention was the 
closure of PFO and the post-intervention period began 
with the closure. Subjects who dived with a diagnosed PFO 
before they underwent closure were included in both the 
conservative and the closure group. For the subjects in the 
conservative group, the pre-intervention period included 
history up to the diagnosis and the post-intervention period 
was from the diagnosis until closure. For the subjects in the 
closure group, the pre-intervention period included history 
up to the closure and the post-intervention period was from 
the closure until the end of the study.

Subjects were further classified based on their reported 
diving practice as recreational or technical divers. For this 
study, divers who performed more than 40% of their air 
dives at depths greater than 30 metres, used mixed gas (other 
than enriched air nitrox), closed circuit rebreather (CCR) or 
engaged in cave diving, were classified as technical divers.

The PFO was classified as 'large' if the reported diameter 
was 5 mm or larger, if bubble contrast used in diagnosis 
arterialized spontaneously, or if a cardiologist qualified it 
'large' without an explicit report of PFO diameter. Divers 
with an ASD were also classified in the 'large' group because 
of the continuous patency of that lesion.

OUTCOMES

The main outcome of interest was DCS. The primary 
outcome was 'confirmed DCS', defined as cases diagnosed 
by a medical professional and treated in a recompression 
chamber. The secondary outcome was 'possible DCS' which 
was based on solicited subjective reports of the presence of 
symptoms usually associated with DCS and explicitly listed 
in the list of reportable symptoms. Examples of reportable 
symptoms were instances of vertigo, joint pain, skin itching 
and rash, post-dive skin mottling, breast swelling, muscular 
weakness, or use of in-water recompression or surface 
oxygen to alleviate symptoms. Isolated instances of a 
headache, fatigue or nausea were not considered possible 
DCS. Other outcomes were return to diving, frequency and 
intensity of diving after the intervention and possible adverse 
events related to the closure.

Subjects were determined to have returned to diving in 
one year if they had reported doing any dives in the year 
following the intervention. Frequency and intensity of diving 
after the intervention were classified as either: 'diving less', 
if they reported fewer dives per year (less than 70% of pre-
intervention dives per year), or switched from technical to 
recreational diving; or 'diving same or more', if they reported 
the same or more dives per year (greater than or equal to 
70% of pre-intervention dives per year), or switched from 
recreational to technical diving. Individuals who stopped 
diving were included in the 'diving less' group.

The group incidence rate of DCS before and after the 
intervention was calculated per 10,000 dives, based on the 
sums of reported dives and of DCS cases. These calculations 
were completed for both confirmed DCS and possible DCS. 
These calculations were also performed while stratifying 
groups based on PFO size. Individuals who stopped 
diving were excluded from these calculations. Changes in 
confirmed DCS and possible DCS were considered on an 
individual basis before and after the intervention.

* Footnote:
The baseline survey and annual dive symptom report forms are available on request from the authors at pdenoble@dan.org
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Reported adverse events of closure were classified as mild, 
such as minor bleeding, bruising, temporary palpitations or 
atrial fibrillation. Adverse events were classified as severe if 
they required surgical intervention, caused a serious threat 
to life, or resulted in permanent consequences.

STATISTICAL ANALYSIS

The difference in the incidence rate of DCS before and after 
intervention in each group was tested by calculating the risk 
ratio. The difference in the proportion of subjects in each 
group who dived the same or more was tested by calculating 
the odds ratio.

Continuous characteristics of subjects in the two groups were 
compared using the Mann-Whitney rank sum test. Discrete 
characteristics of subjects in the two groups were tested by 
calculating odds ratios.

Results

C H A R AC T E R I S T I C S  O F  D I V E R S  B E F O R E 
INTERVENTION

In the period from 2011 to 2017, 77 subjects enrolled in 
this study. During this time, 15 subjects were excluded 
for the following reasons: three subjects reported a PFO 
but its presence could not be confirmed during repeated 
testing after enrollment, five subjects were lost to follow 
up, and seven subjects asked to be removed from the study. 
The total number of remaining subjects was 62. Fifty-two 
subjects were treated in 38 different medical centres. Four 
subjects did not report the name of the centre they were 
treated in but provided sufficient detail about the findings. 
Eleven divers were diagnosed with a PFO without a history 
of previous DCS. Four of these were diagnosed while 
undergoing tests for non-DCS related medical issues and 

Figure 1
Enrollment and group allocation pathway
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seven asked for testing to comply with the requirements of 
their technical diving associations or because of personal 
concerns. Initially, 36 subjects were classified as closure, 
and 26 subjects were classified as conservative. During the 
follow-up period, six of the subjects from the conservative 
group underwent closure and were subsequently reclassified 
into the closure group. Three of those subjects executed dives 
between diagnosis and closure and they were included in 
both groups as described in the methods. As a result, the 
study yielded 42 subjects in the closure group and 23 in the 
conservative group. The classification algorithm is shown 
in Figure 1 and the characteristics of divers in each group 
are shown in Table 1.

Age, years diving, the total number of dives, and the number 
of DCS instances were not distributed normally. Divers in 
both groups were similar in body characteristics and dive 
history, although the number of reported possible DCS 
cases was significantly greater in the closure group while 

Characteristics
Conservative

(n = 23)
Closure
(n = 42)

P-value

Age [median (95% CI)] 52 (43–55) 45.5 (40–50) NS

Male/female ratio 12/11 22/20 NS

Height, cm [mean (SD)] 175 (8) 173 (10) NS

Weight, kg [mean (SD)] 81 (14.5) 83 (18) NS

Body mass index, kg·m-2 [mean (SD)] 26.3 (3.8) 27.4 (4.7) NS

Years diving at enrollment
[median (95% CI)]

7.0 (6–12) 8.5 (6–11.6) NS

Total dives at enrollment (n)
[median (95% CI)]

213 (129–461) 231 (142–363) NS

Number of dives per year
[median (95% CI)]

41 (22–49) 33 (24–49) NS

Number of technical divers 8 17 NS

Number of subjects with 
large PFO

8/18 26/34 < 0.05

DCS prior to intervention

Possible [median (range)] 0.0 (0–6) 2.0 (0–60) < 0.05

Confirmed [median (range)] 1.0 (0–1) 1.0 (0–2) NS

Table 1
Characteristics of divers in conservative and closure groups before intervention; CI – confidence interval; PFO – persistent

foramen ovale; SD – standard deviation

Table 2
Diver practice in conservative and closure groups after intervention; 
bottom two rows refer to comparisons with diving prior to the 
intervention; no differences between groups were significant; 

CI = confidence interval

Outcome Conservative Closure

Years diving 
[median (95% CI)]

5 (3–8) 6 (5–7)

Dives per year 
[median (95% CI)]

16 (12–19) 20 (15–29)

Dived less (n) 16/23 23/42

Dived the same 
or more (n) 

7/23 19/42
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the number of confirmed DCS cases was similar. Divers 
in the closure group appeared younger than those in the 
conservative group, but the difference was not significant.

The median follow-up period after the intervention was five 
years (95% confidence interval (CI) 3–8) for the conservative 
group and six years (95% CI 5–7) for the closure group. 
These were not significantly different. In about half of the 
subjects (22 closure subjects, ten conservative subjects) 
intervention occurred years before enrollment in the study. 
Within one year, 85% of subjects in the conservative group 
and 90% of subjects in the closure group returned to diving 
(NS). Details of their diving practices are shown in Table 2.

Fifty-two subjects had adequate information to classify 
the size of their PFO. Thirty-three were classified as large; 
including 11 divers in whom the diagnosis was that of an 
ASD. A significantly greater number of subjects in the 
closure group (26 of 34) had a large PFO compared to 
the conservative diving group (8 of 18) (OR = 3.7, 95% 
CI 1–13.5, P < 0.05).

Before the intervention, the group incidence rate of 
confirmed DCS per 10,000 dives was similar in both groups 
while the incidence rate of possible DCS was greater in 
the closure group (Table 3). However, the incidence rate 

of confirmed DCS before intervention (12.8 and 13.1 per 
10,000 dives) in both groups was greater than in the general 
recreational diving population.

In three cases, subjects originally decided to dive 
conservatively, but after executing dives decided to opt for 
closure. One diver experienced two episodes of possible 
DCS while diving conservatively, which lead them to pursue 
closure. A second did not originally pursue closure because 
their insurance would not cover it but after experiencing two 
episodes of possible DCS and one of confirmed DCS, elected 
for closure. The third did not experience any DCS while 
diving conservatively but wished to pursue more aggressive 
diving and elected for closure.

OUTCOMES

The number of subjects who experienced confirmed DCS 
decreased in both groups (see Table 4). The number of 
subjects experiencing possible DCS decreased in the closure 
group and remained the same in the conservative group.

The incidence rate of confirmed DCS after the intervention 
was reduced in the closure group to 2.7 and in the 
conservative group to 6.2 (Table 3). In the closure group, 
this was a nearly five-fold reduction in comparison to the 
pre-intervention value, which was statistically significant, 
and a two-fold reduction in the conservative group which 
was not statistically significant.

The median dives per year after intervention decreased in 
comparison to the pre-intervention period (conservative: 
from 33 to 20; closure: from 41 to 16). Four subjects 
stopped diving. Seven subjects in the conservative group and
19 subjects in the closure group maintained or increased 
their diving in comparison to pre-intervention levels 
(Table 2), which was not significantly different.

The incidence rate of reported possible DCS (Table 3) 
increased significantly in the conservative group (RR = 4.2, 
95% CI 2.5–7.1; P < 0.0001) and decreased significantly in 
the closure group (RR = 0.3, 95% CI 0.2–0.4; P < 0.0001).

Group DCS Before After Relative risk P-value

Conservative
Confirmed 12.8 (6–23) 6.2 (0.3–23) 0.49 (0.05–2.24) NS

Possible 31.3 (21–46) 131.2 (95–177) 4.2 (2.5–7.1) < 0.0001

Closure
Confirmed 13.1 (9–19) 2.7 (0.3–10) 0.21 (0.02–0.83) < 0.05

Possible 144.5 (129–162) 42.1 (29–60) 0.3 (0.2–0.4) < 0.0001

Table 3
Incidence rate of confirmed and possible DCS per 10,000 dives in the conservative and closure groups before and after the intervention; 

values in brackets are 95% confidence intervals

Group DCS Before After

Conservative
Confirmed 12 2

Possible 10 11

Closure
Confirmed 24 2

Possible 30 10

Table 4
Number of subjects in the conservative and closure groups reporting 

episodes of DCS before and after the intervention
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LARGE VS SMALL PFO

Of the subjects with available PFO size information, 18 had 
small, and 33 had large PFOs. Of the 18 subjects with a small 
PFO, ten were in the conservative group, and eight were in 
the closure group. Of the 33 subjects with a large PFO, seven 
were in the conservative group, and 26 were in the closure 
group. There were only four cases of confirmed DCS, and 
we could not calculate the incidence rate of stratified data.

The incidence rate of possible DCS stratified by the group 
and by PFO size is shown in Table 5. Divers with a small 
PFO in the conservative group had a greater incidence rate of 
possible DCS after the intervention, while divers with a small 
PFO in the closure group experienced no significant change 
in possible DCS incidence rate after the intervention. Divers 
with a large PFO in the conservative group had a greater 
incidence rate of possible DCS after the intervention, while 
divers with a large PFO in the closure group had a decreased 
incidence rate of possible DCS after the intervention.

ADVERSE EVENTS ASSOCIATED WITH CLOSURE

Adverse events associated with PFO/ASD closure 
occurred in eight out of the 42 subjects who went for 
closure. These included post-surgical bleeding, transient 
atrial fibrillation, migraines with aura, dysrhythmia, heart 
palpitations, premature atrial and ventricular contractions, 
supraventricular tachycardia and an allergic reaction to a 
muscle relaxant used in surgery.

Discussion

Our study included self-enrolled subjects with widely varied 
personal diving histories. Before the intervention, some 
subjects frequently suffered post-dive symptoms such as 
skin mottling but did nothing about them for a long time, 
whilst others underwent preventive testing and even closure 
without experiencing any DCS. Furthermore, the indications 
for testing, the testing procedures and the description of 
findings in our sample varied widely and were not always in 

line with current recommendations, which were published 
after the start of our study.16,17

As reported in the only other study of this type,20 we found 
that confirmed DCS was reduced after intervention in the 
closure group. In the conservative group, the incidence rate 
after intervention decreased by nearly 50%, but this was 
not statistically significant as reported by other studies.18  
Interestingly, the incidence rate of possible DCS in the 
conservative group increased after the intervention, on 
account of five individuals who reported more cases of skin 
itch and rash (not mottling) and received first-aid oxygen 
more often. They may have become more vigilant and 
anxious after having been diagnosed with PFO, leading 
them to report subjective symptoms and seek assistance 
more readily. On the other hand, this also may have been 
owing to regression to the mean.

When stratified by size, it appeared that individuals 
with large PFOs would reduce their possible DCS from 
closure, while those with small PFOs would not. However, 
individuals with small PFOs started with a lower incidence 
rate in the first place, and their DCS may not have been 
related to a PFO at all.

On average, divers in both groups reported fewer dives per 
year after intervention. In the conservative group, most 
subjects reported shallower dives and used more nitrox. 
In the closure group, some subjects who previously had 
frequent post-dive symptoms reported being able to continue 
to diving as before or even more aggressively without any 
problems. Some divers who underwent closure started diving 
more conservatively, used nitrox more frequently and dove 
shallower.

In the closure group, one subject suffered a severe vestibular 
DCS hit resulting in hearing loss before closure and did not 
continue diving after the procedure. Another subject stopped 
diving for undisclosed reasons. In the conservative group, 
one subject stopped diving because he had not been able 
plan a dive trip, and another stopped for undisclosed reasons.

Group (n) PFO (n) Before After Relative risk P-value

Conservative (17)
Large (7) 45 (16–99) 445 (296–643) 9.7 (4.0–23) < 0.0001

Small (10) 30 (17–49) 131 (72–221) 4.4 (2.1–8.9) < 0.05

Closure (34)
Large (26) 219 (194–247) 48 (31–70) 0.2 (0.1–0.3) < 0.0001

Small (8) 38 (25–55) 31 (9–79) 0.8 (0.3–2.3) NS

Table 5
Incidence rate of possible DCS per 10,000 dives before and after the intervention stratified by size of the atrial defect; values in brackets 

are 95% confidence intervals except where indicated
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One diver in the closure group experienced a serious adverse 
event and seven experienced minor adverse events. The 
incidence rate of adverse events was more than reported in 
clinical trials of closure for stroke.21

In a prospective, single-centre study including non-PFO 
divers, divers with PFO and divers with closed PFO, 
the incidence rate of treated DCS (what corresponds to 
'confirmed' DCS in our study) was reduced in both PFO 
groups in the post-intervention period.20  However, the total 
burden of subjectively reported DCS increased in the PFO 
group after intervention while in the no-PFO and the closed-
PFO groups the incidence rates decreased, as in our study. 
In both studies, the increase in reported post-dive symptoms 
in divers with an unclosed PFO may have been due to the 
subject’s increased vigilance after being diagnosed.20

Another prospective study evaluated the incidence rates of 
DCS in divers with PFO who received instructions on how 
to dive conservatively.18  Both the divers with PFO and with 
closed PFO benefited from these instructions, and either did 
not suffer DCS, or their DCS incidence rate was reduced to 
the overall incidence rate in recreational divers.

The weaknesses of our study include small sample size, 
bias due to self-enrollment, subjective reporting of DCS 
burden, differences in clinical practices and deficiencies 
in the available medical documentation. The sample size 
was smaller than we originally planned and the study is 
underpowered for some outcome measures. An extension of 
the study was not a practical solution due to slow enrollment.

Self-enrollment potentially introduces a selection bias. The 
sample may not have been representative of all divers who 
had been diagnosed with PFO and who had undergone 
closure. It is possible that participants were in better 
health, had a lesser burden of previous DCS, had a stronger 
motivation to continue diving and, in general, had better 
outcomes of the intervention. However, the sample was not 
homogenous and included both success and failure stories. 
The study started before the consensus recommendations 
on investigation and management of PFO in diving were 
published,16,17 and instead of imposing stringent selection 
criteria the study explored implicit criteria for testing 
and closure in real life. These varied widely. Personal 
motivations of divers seemed to have been the influencing 
factor on decisions for undergoing testing and for the election 
of closure or conservative diving. Despite this, the closure 
of PFO appeared to be effective in the reduction of DCS 
burden for most but not for all subjects, and some subjects 
fared worse either due to adverse events of closure or they 
stopped diving due to undisclosed causes. If the current 
consensus criteria had been applied, the success rate could 
have been higher.

Conclusion

While we could not establish the risk-benefit ratios or relative 
risk ratios for the two interventions with confidence, we have 

identified subsets of subjects that could benefit from closure. 
These are healthy divers with a significant DCS burden and 
a large PFO who seek to pursue advanced diving.
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Abstract
(Rosén A, Oscarsson N, Kvarnström , Gennser M, Sandström G, Blennow K, Seeman-Lodding H, Zetterberg H. Serum tau 
concentration after diving – an observational pilot study. Diving and Hyperbaric Medicine. 2019 June 30;49(2):88–95. doi: 
10.28920/dhm49.2.88-95. PMID: 31177514.)
Introduction: Increased concentrations of tau protein are associated with medical conditions involving the central nervous 
system, such as Alzheimer’s disease, traumatic brain injury and hypoxia. Diving, by way of an elevated ambient pressure, 
can affect the nervous system, however it is not known whether it causes a rise in tau protein levels in serum. A prospective 
observational pilot study was performed to investigate changes in tau protein concentrations in serum after diving and also 
determine their relationship, if any, to the amount of inert gas bubbling in the venous blood.
Methods: Subjects were 10 navy divers performing one or two dives per day, increasing in depth, over four days. Maximum 
dive depths ranged from 52–90 metres’ sea water (msw). Air or trimix (nitrogen/oxygen/helium) was used as the breathing 
gas and the oxygen partial pressure did not exceed 160 kPa. Blood samples taken before the first and after the last dives 
were analyzed. Divers were monitored for the presence of venous gas emboli (VGE) at 10 to 15 minute intervals for up to 
120 minutes using precordial Doppler ultrasound.
Results: Median tau protein before diving was 0.200 pg·mL-1 (range 0.100 to 1.10 pg·mL-1) and after diving was 0.450 
pg·mL-1 (range 0.100 to 1.20 pg·mL-1; P = 0.016). Glial fibrillary acidic protein and neurofilament light protein concentrations 
analyzed in the same assay did not change after diving. No correlation was found between serum tau protein concentration 
and the amount of VGE.
Conclusion: Repeated diving to between 52–90 msw is associated with a statistically significant increase in serum tau 
protein concentration, which could indicate neuronal stress.

Introduction

Diving is a widespread recreational and professional 
activity. While diving using air as the breathing gas, the 
body accumulates nitrogen due to an elevated ambient 
pressure. The amount of nitrogen or other inert gases taken 
up in the tissue depends on diving depth and time spent 
underwater. When the diver ascends towards the surface 
and decompresses, the ambient pressure falls and nitrogen 
leaves the tissues. If decompression is too rapid, then there 
is a risk that nitrogen could come out of solution, forming 
bubbles in blood and tissues. Intravascular nitrogen bubbles 
mainly form in the venous system and they are therefore 
named venous gas emboli (VGE).1

The formation of VGE in the body is considered to be a 
cause of decompression sickness (DCS). VGE passing into 
the arterial circulation through veno-arterial shunts in either 
the heart or the lungs could occlude arteries, disrupting 
both blood supply and normal tissue function. Disparity in 
bubble location could explain the varied clinical symptoms 
associated with DCS, which range from itchy skin, fatigue 
and pain, to neurological lesions, seizures, coma, and death.2  
Even uneventful dives, without clinical signs of DCS, can 
give rise to VGE; these so-called ‘silent bubbles’ can be 
regarded as a normal phenomenon after diving. Analyses 
of large groups of divers show that DCS is more common 
when the VGE load is high after diving. Conversely, when 
no VGE can be detected, the risk of DCS seems low.3  VGE 
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load can be quantified by Doppler ultrasound examination of 
the heart or major vessels using the Kisman-Masurel (KM) 
grading system. This is an ordinal scale based on categorical 
data describing amplitude, frequency and duration of VGE.4

High partial pressures of both oxygen and nitrogen are known 
to disturb normal function of the human brain. Oxygen can 
be harmful to the central nervous system (CNS) at partial 
pressures exceeding 160 kPa, 66 metres’ sea water (msw) 
when a diver breathes air, with the toxic effect increasing 
with partial pressure and length of exposure. Signs of 
oxygen toxicity include sensory and behavioural changes, 
dizziness, and seizures.5  The narcotic effect of nitrogen 
becomes increasingly apparent at depths exceeding 30 
msw when a diver breathes air, but individual susceptibility 
varies. Nitrogen narcosis manifests as impaired cognitive 
and neuromuscular performance.6  In order to regulate the 
partial pressures of oxygen and nitrogen and their effects 
at greater depths, gas mixtures containing nitrogen, oxygen 
and helium are used and commonly referred to as ‘trimix’.

Exposure to high ambient pressure, equivalent to diving 
depths of more than 150 msw, can cause neuromuscular 
dysfunction, a condition termed  the high-pressure 
neurological syndrome (HPNS). Nausea, dizziness and 
tremors are common symptoms. With increasing depth, 
myoclonic episodes appear. Factors such as individual 
susceptibility, compression rate and breathing gas mixture 
affect the clinical manifestations. The causal mechanism of 
HPNS is partly unknown though it has been shown to be 
independent of elevated gas pressure.7

Tau protein (tau) is a microtubular protein abundant in 
neuronal axons, predominantly in thin unmyelinated axons 
of the cortex. It can also, to a lesser extent, be detected in 
the liver, kidneys and testes.8  Increased tau levels are found 
in blood serum in conjunction with dementia, traumatic 
brain injury (TBI),8–10 cerebral concussion, boxing,11,12 and 
hypoxic brain injury, where it correlates with outcome.13,14  
Tau levels in blood serum rise early, within 24 hours, after 
cerebral damage. A delayed secondary peak appears a few 
days after an hypoxic injury.14  A recent study on patients 
undergoing surgery and general anesthesia showed a 
transient rise of serum tau levels.15  High intensity interval 
training can also lead to increased serum tau levels in the 
bloodstream; however, a two-week period of such training 
is alleged to blunt the tau release during subsequent 
training sessions.16  Transient hypoxia during breath-hold 
diving has been associated with elevated tau levels, but a 
small pilot study on divers with DCS found no statistically 
significant elevation of tau concentration in cerebrospinal 
fluid (CSF).17,18

Neurofilament light protein (NfL) is a structural axonal 
protein which is found mainly in myelinated subcortical 
axons.8  Serum NfL levels correlate with outcome in patients 
with TBI, but their rise is slower than that for tau, reaching 

a maximum beyond 10 days following the insult.19  Glial 
fibrillary acidic protein (GFAp) is expressed almost solely 
in astrocytes. Elevated blood serum levels of GFAp have 
been reported within 24 hours after TBI.8

The potential influence of diurnal variation on neuronal 
fluid biomarker results has been a subject of scientific 
discussion.20–22  However, a study including patients with 
Alzheimer's disease and older healthy volunteers concluded 
that there was no circadian pattern for tau in CSF.23  Another 
study on neurosurgical patients showed no diurnal variation 
in CSF tau levels.24  Likewise, there was no significant 
diurnal variation in CSF tau levels among older patients with 
idiopathic normal pressure hydrocephalus or pseudotumor 
cerebri, when studied through sequential CSF sampling.25  
Most likely serum tau levels reflect those in CSF. It is 
not known whether a hyperbaric exposure alone, without 
hypoxia, is associated with a rise in serum tau levels.

We hypothesized that diving, by way of the previously 
discussed consequences of exposure to an elevated ambient 
pressure, affects the central nervous system and causes 
a rise in serum tau protein concentration in blood. Our 
primary objective was to investigate changes in serum 
tau concentration after diving to depths of up to 90 msw. 
The secondary objective was to investigate if there was an 
association between serum tau concentration and VGE load 
after the same dives.

Methods

The study was prospective and observational. It was 
conducted in accordance with the Declaration of Helsinki, 
approved by the regional ethical committee in Gothenburg, 
Sweden (Dnr 292-17) and registered at ClinicalTrials.gov 
(NCT03190252).

SUBJECTS

Ten male military divers participating in professional 
naval dive training on the Swedish west coast from
12–15 June 2017 took part in the study. Subject 
characteristics are described in Table 1. All subjects 
gave their written informed consent. A control group 
containing non-diving military divers was initially 
planned. However, difficulties in subject recruitment meant 
that an appropriate control group could not be formed.

DIVING PROTOCOL

The participants performed one or two dives a day over four 
days, as shown in Figure 1. Dive depths were planned to 
increase with each subsequent dive. One diver did not dive 
on the third day. Eight subjects dived to 50–52 msw on the 
first day and reached 82–90 msw on the fourth day. For 
the two remaining divers, maximal depth ranged between 
34 msw on the first day and 52 msw during the last dive. 
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Median time spent at maximum depth during the first three 
days was 20 min (range 10 to 25 min). On the fourth day, 
time spent at maximum depth was 10 min for dives to 
52 msw and 20 min for dives to 82–90 msw. All subjects 
used electronically controlled closed circuit rebreathers. 
Air was used as the diluent gas for dives less than 40 msw 

and trimix was used for all dives deeper than 40 msw. For 
dives between 40–65 msw the trimix diluent gas contained 
15% oxygen, 50% helium, 35% nitrogen. During dives 
deeper than 65 msw the diluent contained 10% oxygen, 
70% helium and 20% nitrogen. The rebreather equipment 
maintained a constant oxygen partial pressure of 130 kPa 
while the divers descended and were at depth. During the 
final decompression phase, an oxygen partial pressure 
of 160 kPa was allowed. Decompressions were planned 
according to the VPM-B algorithm with conservatism 
factor 2.26  Immediately after dives deeper than 60 msw 
100% oxygen was breathed for 10 minutes.

DATA COLLECTION

Venous blood samples were obtained from all participants 
before the first dive (Sample 1, baseline, 12 June 2017 
between 11:30–12:50) and approximately two to three 
hours after the last dive (Sample 2, 15 June 2017 between 
15:35–17:05). Samples were collected in gel tubes 
(Vacuette no. 454420, Hettish Labinstrument AB, Sweden) 
and immediately centrifuged for 10 minutes at 2,200 rpm 
and 20oC (Sorvall ST 8/8R Centrifuge, Thermo Scientific, 
Germany). Directly afterwards, aliquots of 500 μL serum 
were frozen on dry ice and then stored at -78oC until 
analyzed. Tau concentration was measured using the Human 
Neurology 4-Plex A assay (N4PA) on an HD-1 single 
molecule array (Simoa) instrument according to instructions 
from the manufacturer (Quanterix, Lexington MA, USA). 
For quality control (QC) samples, with tau concentrations of 
0.70 pg·mL-1, 1.4 pg·mL-1 and 24.1 pg·mL-1, coefficients of 
variation (CVs) were 8.1%, 11.9% and 6.2%, respectively.  
The N4PA assay is designed to measure four biomarkers, 
namely tau, GFAp, NfL and ubiquitin carboxy-terminal 
hydrolase L1 (UCHL-1). Therefore, results for all these 

Male 10

Age (years)
Mean (SD)
Median (range)

38.4 (8.2)
39.5 (27.0–52.0)

BMI (kg·m-2)
Mean (SD)
Median (range)

25.6 (1.2)
25.4 (24.4–28.1)

Prior DCS 4

Excessive physical activity 
or diving ≤ 48 hours prior:

No 6

One dive 15–20 msw 4

Medication: 

No 8

Diclofenac 1

Phenylpropanolamine 
(only on 1st dive day)

1

Table 1
Baseline and demographic data; for categorical variables n is 
presented; for continuous variables mean (SD) and median (range) 

are presented

Figure 1
Diving protocol. Divers 7–10 performed two 65–66 msw dives on the 13 June; divers 1 and 2 performed two 52 msw dives on the 

15 June; diver 10 did not dive on the 14 June
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four biomarkers were obtained. For QC samples, with 
NfL concentrations of 101.2 pg·mL-1, 8.0 pg·mL-1 and
14.8 pg·mL-1, CVs were 5.0%, 9.5% and 3.5%, respectively 
and for QC samples, with GFAp concentrations of
75.3 pg·mL-1, 95.6 pg·mL-1 and 118.9 pg·mL-1, CVs were 
2.2%, 9.4% and 4.9%. The results of UCHL-1 analyses were 
discarded due to an unacceptably high level of imprecision as 
CVs were 44.9% and 121.0% for QC samples with UCHL-1 
concentrations of 8.4 pg·mL-1 and 9.7 pg·mL-1 respectively.

Within 20 minutes after surfacing, each diver was monitored 
for the presence of VGE, at 10 to 15 minute intervals for 

up to 120 minutes, using precordial Doppler ultrasound 
(DBM9008; Techno Scientific Inc., Ontario, Canada). VGE 
load was assessed while the subjects lay in the left lateral 
decubitus position at rest and measurements were also made 
following movement (knee bends made whilst still lying 
down) and graded according to the KM scale.

The Kisman integrated severity score (KISS) algorithm27 
was used to convert KM grade measurements collected 
during the four-day study period into one mean score for 
each diver (VGE-KISS).

Sample 1 (pg∙ml-1) 
n = 9
Mean (SD)
Median (range)

0.322 (0.315)
0.200 (0.10–1.10)

Sample 2 (pg∙ml-1)
n = 10
Mean (SD)
Median (range)

0.500 (0.337)
0.450 (0.10–1.20)

Delta-tau (pg∙ml-1)
n = 9
Mean (SD)
Median (range)

0.211 (0.145)
0.300 (0.0–0.40)

P = 0.016

Delta-tau (%)
n = 9
Mean (SD)
Median (range)

98.8 (96.0)
100 (0.0–300)

P = 0.016

Table 2
Serum tau protein values before (sample 1) and after (sample 2) 
diving; the mean (SD) and median (range) are presented for each 
parameter; for comparison the Wilcoxon signed-rank test was used

Figure 2
Serum tau protein values before and after diving (n = 9). One 
diver is not included due to a missing sample 1 before diving. For 
two divers, increase in serum tau protein value (0.2 pg·mL-1 – 0.5 

pg·mL-1) was identical. They are represented by one line

GFAp P-value NfL P-value

Sample 1 (pg∙ml-1)
n = 9
Mean (SD)
Median (range)

68.644 (24.086)
59.0 (41.0–108.5)

9.956 (7.663)
7.800 (5.4–30.0)

Sample 2 (pg∙ml-1)
n = 10
Mean (SD)
Median (range)

65.090 (13.834)
62.9 (45.2–86.6)

8.960 (5.830)
7.200 (5.7–25.3)

Delta (pg∙ml-1)
n = 9
Mean (SD)
Median (range)

-3.644 (25.834)
-0.400 (-39.4–32.6)

0.678
-1.056 (1.982)

-1.400 (-4.7–1.6)
0.173

Delta (%)
n = 9
Mean (SD)
Median (range)

3.5 (37.0)
0.0 (-39.9–62.0)

0.678
-5.9 (19.7)

-15.7 (-26.9–28.1)
0.173

Table 3
Serum GFAp and NfL values before (sample 1) and after (sample 2) diving; for continuous variables mean (SD) and median (range) are 

presented; for comparison the Wilcoxon signed-rank test was used
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STATISTICS

Results for tau and its association with VGE, were 
compiled by an independent statistical company (Statistiska 
Konsultgruppen, Gothenburg, Sweden) using SAS® v9.3 
(Cary, NC, USA). Statistical analysis for GFAp and NfL 
were performed using IBM SPSS® v24 (IBM, Armonk 
NY, USA) and Spearman's correlation tests involving VGE 
KISS were performed using Microsoft© Office Excel 2018 
(Microsoft Corporation, Redmond WA, USA).  The study 
group was small and serum levels of tau, GFAp and NfL 
before diving were not normally distributed. Therefore, a 
non-parametric statistical technique was used for statistical 
inference.

Primary outcome

Serum tau levels before and after diving are presented as 
both mean (SD) and median (range: min–max) values. 
Differences in the tau levels between sample 1 and sample 
2 (delta-tau) were presented both as an absolute (pg·mL-1) 
and a relative change (%). Statistical significance was tested 
using the Wilcoxon signed-rank test. 

Secondary outcome

Correlation between the maximum VGE loads measured 
after the last dive and the sample 2 serum tau concentrations 
was tested using Spearman's correlation test and presented 
as scatter plots.

Figure 3
Serum tau protein after the last dive versus maximal KM grade at rest (n = 8); Spearman rank correlation coefficient 0.2,  

P-value: 0.6

Figure 4
Serum tau protein after the last dive versus maximal KM grade when flexing the legs (n = 8); Spearman rank correlation

coefficient -0.4, P-value: 0.33
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Following the initial compilation of the results, correlation 
between the KISS scores and the sample 2 serum tau 
concentrations, and between KISS and delta tau, was tested 
using the Spearman correlation test.

GFAp and NfL

GFAp and NfL levels before and after diving were presented 
as both mean (SD) and median (range: min–max) values. 
Differences in the GFAp and NfL levels between sample 
1 and sample 2 (delta-values) were presented both as an 
absolute (pg·mL-1) and a relative change (%). Statistical 
significance was tested using the Wilcoxon signed-rank test.

Missing data

Tau sample 1 was missing for one diver.  Over the first three 
days, VGE data were not available for any dives and no VGE 
data were collected for the pair of divers who were diving 
no deeper than 52 msw.

Results

PRIMARY OUTCOME

Among the nine divers with baseline samples, seven had 
increased serum tau concentrations after four days of 
diving and none showed a decrease. Both the absolute and 
the relative changes in median serum tau concentration 
between sample 1 and sample 2 were statistically significant 
(Table 2, Figure 2).

SECONDARY OUTCOME

Eight of the 10 divers were monitored for VGE after the 
last dive of the series; across these subjects the median KM 
grade was III at rest and III+ following the knee bends. With 
regard to maximum KM grades, six subjects had grade III, 
one III- and one III+ measurements at rest. Following knee 
bends, three were graded KM III, four III+ and one IV-. 
With the observed narrow distribution of KM grades, no 
statistical correlation was found between serum tau protein 
concentration and maximum VGE load after diving (Figure 3 
and Figure 4). Similarly, there was no statistically significant 
correlation between the VGE-KISS scores and sample-2 
serum tau concentration (R2 = 0.15, t = 1.02) nor between 
VGE-KISS and delta-tau (R2 = 0.002, t = 0.12).

GFAp AND NfL

Neither GFAp nor NfL concentrations changed significantly 
after diving (Table 3).

Discussion

In this prospective pilot study, diving over a four-day period 
was associated with a statistically significant rise in serum 

tau concentration. The median tau value increased 2.5 times. 
This serum tau change is comparable to changes in plasma 
tau and CSF tau observed in earlier studies in athletes and 
after mild concussion injuries.8,9  Causality between diving 
and serum tau concentrations is still uncertain, due to the 
lack of a control group and the small number of observations. 
Yet, as the divers’ tau values after diving were compared to 
values obtained shortly before the first dive, the results are 
consistent with causation.

The KM grading system is the gold standard method of 
assessing VGE load after diving, as confirmed in a recent 
concensus,28 but it is subjective and non-linear. Furthermore, 
all categorization results in a loss of information and reduced 
precision. A majority of KM grades after diving were III at 
rest and III or III+ following knee bends. In this study, there 
was no statistically significant correlation between maximum 
VGE load and tau levels nor between VGE-KISS scores and 
tau levels, but the narrow distribution of KM grades and the 
small set of observations precludes conclusions. A future 
study involving a larger cohort of divers, with a wider range 
of KM grades, would make it possible to investigate if there 
is a correlation between tau and VGE.

Our objective was to investigate changes in serum 
tau concentration after diving, but the assay used for 
measurement also provided us with results for GFAp and 
NfL. The absence of change in NfL concentration was 
expected, as NfL is a slow biomarker for axonal injury, 
reaching its maximum no earlier than 10 days following 
a traumatic injury.19  GFAp, a protein highly expressed in 
astrocytes, appears to have similar kinetics in blood as tau.8  
The unchanged GFAp concentrations may thus suggest 
a limited involvement of astrocytes in response to diving 
exposure, though the small size of the study makes such a 
conclusion speculative.

High partial pressures of oxygen could potentially affect the 
CNS negatively. Oxygen partial pressure in the breathing gas 
did not exceed 160 kPa during the study. This is considered 
a safe limit during diving and does not give rise to subjective 
symptoms. Despite this, even a modest increase in oxygen 
partial pressure could be a contributing cause of elevated 
serum tau protein after diving and furthermore, nothing 
is known about any relevant effects of breathing gases 
containing helium. Studies investigating HPNS have shown 
that exposure to increased ambient pressure affects the 
nervous system through mechanisms unrelated to the partial 
pressures of breathing gases and VGE. It is possible that the 
CNS is affected by pressure at depths shallower than those 
associated with manifestations of HPNS and this could be 
a cause of elevated tau.

The lack of a control group is a shortcoming of this study. 
There was a difference between the time of day when 
samples 1 and 2 were taken. Studies show no diurnal 
variation in CSF tau levels,23–25 making it improbable that 
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they should fluctuate in the blood significantly during the 
day. Nevertheless, a representative control group could 
have ensured that no confounding factors, such as diurnal 
variation, were responsible for changes in serum tau. Ideally 
in future studies, tau should be sampled at the same times 
of day and the results compared to a representative control 
group. In the context of hypoxic brain injury, studies have 
shown that the increase in serum tau levels reach a maximal 
elevation within 24 hours, though sometimes there is a 
delayed peak at about 72 hours.14  The change in serum 
tau levels after a far milder but prolonged impact, such 
as repeated diving, are unknown. Additional sampling of 
venous blood at other points might have yielded even higher 
serum tau values.

The small size of the study was an important limitation. 
Mean values were potentially unreliable and misleading. For 
that reason, both mean and median values were presented 
and a non-parametric statistical technique was used for 
inference. Another limitation was that only serum samples 
were available. Tau concentrations are, for unknown reasons, 
higher in plasma than in serum, but the ultrasensitive method 
employed still allows accurate measurement of serum 
tau concentrations. Meaningful associations of serum tau 
concentrations and neuronal injury in other conditions 
have been reported before.13,29  Therefore, we consider this 
limitation minor.

No subject reported excessive physical activity within the 
48 hours before the study, but it is possible that dives made 
by four of the participants shortly before the study did 
influence their results. None of the dives prior to the study 
were reported to be deeper than 20 msw, which could be 
considered at most moderately stressful for a trained diver. 
No strenuous physical activity was performed during the 
study dives. Therefore, it is unlikely that the results were 
confounded by either prior diving or physical exertion during 
the study dives.

The study group consisted exclusively of trained male navy 
divers. Even though there was a considerable age difference 
between participants, they all met the physical and medical 
demands required by the navy and so in this respect the group 
was homogenous. Four of the 10 subjects had a past history 
of DCS. This is potentially the result of a professional diving 
career and not necessarily due to an increased individual 
susceptibility of the nervous system to hyperbaric exposure.

Conclusion

Despite its limitations, this pilot study showed that repeated 
diving to depths between 52–90 msw using a trimix 
breathing gas was associated with a statistically significant 
rise in tau protein levels in serum. A larger, controlled study 
is needed both to validate these results and to investigate the 
relationship between VGE and tau. Further studies on tau and 
diving should ideally also be carried out on divers with DCS.
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Abstract
(Monnot D, Michot T, Dugrenot E, Guerrero F, Lafère P. A survey of scuba diving-related injuries and outcomes among 
French recreational divers. Diving and Hyperbaric Medicine. 2019 June 30;49(2):96–106. doi: 10.28920/dhm49.96-106. 
PMID: 31177515.)
Introduction: Few studies are available to appreciate the broad spectrum of dive-related injuries (DI), which are not limited 
to decompression illness (DCI) and fatalities. Studies supporting injury-management efficacy from early recognition to 
first-aid, final treatment and outcome are also lacking. This study aims at making an epidemiologic inventory of DI among 
French scuba divers.
Methods: This online, retrospective, cross-sectional survey analyzed self-reported symptoms, context of occurrence, initial 
response and outcome. The relationships between symptoms and diver characteristics were assessed and severity scores 
created from the reports.
Results: A total of 799 divers responded, of whose questionnaires 784 were sufficiently complete to be analyzed. 
Approximately one-third (35%) of respondents had never experienced a DI. DCI-like symptoms represent a small fraction 
of DIs, the most commonly reported being ear barotrauma. Self-reported symptom rates decreased with increasing age and 
male sex. The ranking dive leader was the primary care  provider in 58% of reports and 32% of injured divers never sought 
help. Management decisions (first aid and/or hyperbaric oxygen treatment) were related to the severity score. Complete 
resolution was achieved in 84 (74%) of 114 DCI cases, whilst mild (n = 22, 19%) and severe (n = 8, 7%) residual symptoms 
were reported. One in 10 divers who did not seek treatment for symptoms believed to be related to DCI declared some 
residual symptoms.
Conclusion: Based on these results, diving injury rates may be higher than previously reported. However, the most frequent 
symptoms appear to be of only a modest nature.

Introduction

Although generally a safe sport, scuba diving is associated 
with a spectrum of injury severity. Data from the French 
Federation of Undersea Studies and Sports (FFESSM), 
the main diver training organization in France, indicate  
roughly proportional increases in numbers of French divers 
undergoing advanced training and the numbers of recorded 
injuries, from 170 in 1991 to 412 in 2013.1  Reports on 
dive-related injuries (DI) have concentrated on acute and/
or severe injuries, primarily decompression illness (DCI) 
and fatalities.2–4  However, DI are not limited to DCI and 
fatalities but, rather, cover a much broader spectrum, with 
other injuries remaining largely unaccounted for.5  Owing 
to a paucity of data regarding the risk and prevalence of 
DI among recreational divers,5–7 it is difficult to provide an 
overview of the situation. This occurs because the reporting 
of recreational diving accidents is not mandatory unlike the 
protocols for military or scientific diving.8–10  According to 
the few readily available reports on DI, the most common 

insults do not involve DCI. For example, mild ear barotrauma 
and sinus barotrauma were common amongst a sample of 
709 divers.11,12  These symptoms were experienced on more 
than one occasion by 369 (52%) and 245 (35%) divers, 
respectively. Only a small proportion (4%) of divers reported 
symptoms of DCI. More recently, 20 diving-related injuries 
of sufficient concern to be logged in the dive boat manifest 
were reported out of 97,144 dives, 11 being non DCI-related 
incidents, including ear and sinus barotraumas.13

Accurate data concerning incident management, from the 
recognition of a DI by divers to the implementation of a 
treatment, first aid and/or hyperbaric oxygen treatment 
(HBOT), are also lacking.14  Indeed, even if DCI may be 
tracked through hyperbaric treatment records, less is known 
regarding how divers respond to a problem. A significant 
proportion of sports divers in Orkney either failed to identify 
DCI or underestimated the potential consequences if left 
untreated.14  According to data from 183 injured recreational 
divers treated in Corsica between 1996 and 2000, 54% of 
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cases involved a delay of more than one hour before the 
emergency medical services were activated.15

First aid and adjunctive therapies for DI are mainly supported 
by accumulated experience over decades or by clinical 
judgement,16 rather than being evidence-based. For example, 
surface oxygen is widely employed in the treatment of DI, but 
its use is supported by animal experiments only,17 with few 
human studies supporting its efficacy.18,19  More importantly, 
it seems from those studies that administration of first-aid 
oxygen serves to reduce the number of recompressions 
required but cannot necessarily improve the odds of recovery.

Improving knowledge of the pattern, frequency, management 
and outcome of DI is of importance to provide better insights 
for prevention and treatment. The aim of this study was to 
create an epidemiologic inventory of recreational diving 
injuries and their consequences among individuals that 
dived in French territorial waters (metropolitan and overseas 
territories).

Methods

Experimental procedures, conducted in accordance with 
the Declaration of Helsinki, were approved by the local 
correspondent of the Western Brittany University for 
informatic database and individual liberties (European 
Directive 95/46/EC).20  Participation was voluntary, and 
responses were confidential. No identifying information 
was collected.

A cross-sectional study of French recreational divers used 
a questionnaire (Google Form) to investigate:
• Diver demographic data, including dive experience;
• Self-reported symptoms and the context of the incident;
• First aid, medical intervention and outcome.
This self-reported online survey was conducted from 
21 November 2017 to 05 March 2018 inclusive. In order 
to obtain a representative sample of the diving population, 
diving organizations and their national representatives were 
identified and contacted by email. The questionnaire was 
further disseminated through social networks and diving 
forums to allow us to also contact unaffiliated divers.

The retrospective survey focused on participant diving 
exposures and diving-related injuries. It was designed 
to address the presence of clinical symptoms rather than 
the presence of a type of accident (e.g., 'ear barotrauma' 
or 'neurological DCS'). The development of questions 
was based on the current literature regarding dive-related 
epidemiology.5–7,21  In total, 28 symptoms were investigated. 
When a symptom was reported, contextual parameters 
(optional questions), such as dive environment and profiles, 
were also recorded. Finally, first aid, medical intervention 
and outcomes were also investigated. All questions were 
written to be understandable regardless of any previous 
knowledge of diving physiology and/or diving medicine. A 

draft version was sent to 10 divers of different certification 
levels (instructors and medical staff included) and from three 
different regions of France, and some questions which could 
be misinterpreted or not understood (e.g., a complicated 
medical term) were modified. A second validation was 
made in ‘real’ conditions by sending a beta version through 
social networks and email (which was the final mode of 
dissemination). In this manner, 69 responses were obtained, 
of which 67 contained sufficient information to be analyzed. 
This led us to additional minor adjustments to ensure that 
the survey avoided ambiguity.

STATISTICAL ANALYSIS

Most responses were analyzed descriptively. The relationship 
between the presence/absence of symptoms and divers’ 
characteristics were calculated from all self-reported dive-
related symptoms using Pearson's Chi-squared Test. Since 
all discrete data, except the number of dives, passed the 
Kolmogorov-Smirnov test, allowing us to assume a Gaussian 
distribution, comparison between variables was carried out 
with unpaired t-tests. We used Chi-square tests to compare 
the number of dives. Statistical analysis was conducted 
with Statistica© software (ver. 10, StatSoft France, 2011). 
A probability of P < 0.05 was considered statistically 
significant. However, in case of multiple comparisons, this 
P-value was divided by the number of independent tests. 
Indeed, when the influence of sex on the age of divers, dive 
experience and certification level was tested, a P-value 
of 0.016 was considered statistically significant, whereas 
a probability of P < 0.007 was considered statistically 
significant for the influence of sex, age, dive experience, 
certification level, time spent in physical activity, dive 
location and seasonal rhythm of diving.

Results

Because of the method used for the dissemination of the 
questionnaire, the number of divers who accessed the 
questionnaire is unknown. A total of 799 divers responded 
during the study period, of whose questionnaires 784 
were analyzable. The respondents were geographically 
widespread within France and included both inland and 
coastal areas. All the French territories were represented 
except for French Guiana.

DESCRIPTION OF THE RESPONDENTS

Characteristics are described in Table 1. The majority of 
divers were men (n = 586, 75%) while women (n = 198) 
represented 25% of the total sample. The sex distribution 
within the different age categories was significantly different 
(χ2 = 35.25, df = 5, P < 0.001); in men, the most representative 
age group was 46–55 years old (25.3%), then 36–45 years 
old (20.3%) second, whilst in women the age groups were 
represented more evenly (26–35 years old, 6.3%; 36–45, 
5.8%; 46–55, 6.9%). Most respondents were experienced 
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Table 1
Respondent profiles (n = 784); missing values in the table refer to the missing data from the respondents; * − diving certification: Basic = EN 
14153-1/ISO 24801-1 level 1 'supervised diver'; Autonomous = EN 14153-2/ ISO 24801-2 level 2 'autonomous diver'; Advanced and dive 
guide = EN 14153-3/ ISO 24801-3 level 3 'dive leader'; Instructor = EN 14413-1/ ISO 24802-1 level 1 scuba instructor or EN 14413-2/ ISO 
24802-2 level 2 scuba instructor. For simplicity of presentation, categories were pooled for the following components: Age, physical activity,

experience (years) and experience (number of dives)

Male
(n = 586)

Female
(n = 198)

Total
(n = 784)

n % %
of total n % %

of total n %

Age (years)

18–35 101 17.2 12.9 71 35.9 9.1 172 22.0

36–45 159 27.1 20.3 46 23.2 5.8 205 26.1

46–55 198 33.8 25.3 54 27.3 6.9 252 32.2
> 56 127 21.7 16.2 26 13.1 3.3 153 19.5

Missing 1 0.2 0.1 1 0.5 0.1 2 0.2

Physical activity 
(h/week)

< 2 h 348 59.4 44.4 136 68.7 17.3 484 61.8

> 2 h 238 40.6 30.4 62 31.3 7.9 300 38.2

Dive
certification*

Basic 10 1.7 1.2 20 10.1 2.6 30 3.8

Autonomous 65 11.1 8.3 47 23.7 6.0 112 14.3

Advanced 97 16.6 12.4 46 23.2 5.9 143 18.3

Dive guide 54 9.2 6.9 11 5.6 1.4 65 8.3

Instructor 358 61.1 45.7 74 37.4 9.4 432 55.1

Missing 2 0.3 0.2 0 0.0 0.0 2 0.2

Open vs
closed-circuit

Open-circuit 506 86.4 64.5 189 95.5 24.1 695 88.6

Rebreather 71 12.1 9.1 8 4.0 1.0 79 10.1

Missing 9 1.5 1.2 1 0.5 0.1 10 1.3

Breathing gas

Air 458 78.2 58.4 173 87.4 22.1 631 80.5

Nitrox 101 17.2 12.9 22 11.1 2.8 123 15.7

Trimix 24 4.1 3.0 3 1.5 0.4 27 3.4

Missing 3 0.5 0.4 0 0.0 0.0 3 0.4

Experience
(years)

< 6 months 0 0 0 4 2.0 0.5 4 0.5

1 to 5 104 17.7 13.3 57 28.8 7.3 161 20.6

5 to 10 112 19.1 14.3 33 16.7 4.2 145 18.5

10 to 20 151 25.8 19.2 65 32.8 8.3 216 27.5

> 20 218 37.2 27.8 38 19.2 4.9 256 32.7

Missing 1 0.2 0.1 1 0.5 0.1 2 0.2

Experience
(number of 

dives)

< 50 35 5.9 4.5 34 17.2 4.3 69 8.8

51 to 300 157 26.8 20.0 79 39.9 10.1 236 30.1

301 to 1,000 160 27.4 20.4 45 22.7 5.7 205 26.1

1,001 to 3,000 108 18.4 13.8 17 8.6 2.2 125 16.0

> 3,000 34 5.8 4.3 8 4.0 1.1 42 5.4

Missing 92 15.7 11.7 15 7.6 1.9 107 13.6
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scuba divers, the majority being certified instructors (55%) 
or with advanced level certifications (41%); 4% having only 
a basic certification. However, sex distribution among all 
certification levels was significantly different (χ 2 = 142.72, 
df = 5, P < 0.001); the higher the certification level, the lower 
the proportion of women.

Eighteen training organizations were represented with 
the vast majority of divers belonging to three, namely 
FFESSM (n = 664, 85%), Professional Association of 
Diving Instructors (n = 135, 17%), and Scuba Schools 
International (n = 43, 5 %). Most divers declared more than 
one affiliation, while others (n = 21, 3%), although trained 
and certified according to the ISO 24801/24802 standards 
were unaffiliated.

A total of 683,171 dives were reported over a period ranging 
from less than six months to over 30 years (median 400 per 
diver, interquartile range (IQR) 150−1,000 dives). Dive 
experience in years of practice was significantly lower in 
females than males (χ 2 = 45.58, df = 7, P < 0.001). The 
number of dives undertaken per year ranged from five to 
230 (median 40, IQR 19–95).

SELF-REPORTED SYMPTOMS AND CONTEXT OF 
OCCURRENCE

Self-reported diving-related symptoms covered a 43-
year span (from 1974 to 2017) and are summarised in 
Table 2. A total of 513 respondents (65%) reported at least 
one symptom, whilst 274 (35%) had not experienced any 
symptoms since the beginning of their diving career. The 
maximum number of symptoms reported by a diver was 
23; however, the median was 1 (IQR 0–2) injury per diver. 
The primary symptom was related to the ears (ear pain in 
44.8% at least once). After context analysis of self-reported 
symptoms through the optional questions, it appeared 
that the most common injuries incurred by divers were 
barotrauma (n = 320, 63% of the injured divers) followed 
by DCI (n = 146, 28% of injured divers). In 47 cases (9% 
of injured divers) a formal diagnosis could not be made.

The proportion of women who declared no dive-related 
symptoms was significantly lower than in men (χ2 = 11.29, 
df = 1, P < 0.001). A significant relationship between self-
declared symptoms and age (χ 2 = 36.28, df = 5, P = 0.001) 
was also found; the older the diver the lower the ratio of 
respondents declaring a probable DI, based on symptoms. 
This ratio was independent of both dive experience 
(χ 2 = 11.78, df = 7, P = 0.108) and certification level 
(χ 2 = 6.03, df = 5, P = 0.303). The presence of symptoms 
after a dive and therefore, the probable occurrence of a dive 
injury, was independent of the time spent in physical activity 
(χ 2 = 3.04, df = 3, P = 0.385) or the dive location 
(χ 2 = 4.03, df = 4, P = 0.401). Finally, the relationship of 
symptoms to the seasonal rhythm of diving did not quite 
reach statistical significance (χ 2 = 9.38, df = 2, P = 0.009).

Injured respondents (n = 513) engaged in various types 
of diving (Table 3) depending on the purpose. Most DI 
were related to recreational diving (30% training and 59% 
exploration dives) while technical diving (rebreather, cave 
or deep trimix diving) accounted for 6%. No difference 
was observed between men and women in total dive time 
(45 ± 27 vs. 41 ± 18 minutes, paired t-test, P = 0.07, 
df = 511). However, male divers made significantly 
deeper dives than females (32 ± 17 vs. 25 ± 12 metres, 
paired t-test, P < 0.0001, df = 511). Most of the reported 
dives were decompression dives. It is noteworthy that 
2% of the injured divers did not use any decompression 
tool, either because it  was a no-decompression 
dive or because they completed the decompression 
required by following their dive buddy or instructor.

ANALYSIS OF DCI CASES

After contextual analysis, 114 datasets of DCI injuries (from 
the initial 799 questionnaires) were available for a complete 
analysis, including a severity score calculation,22 first aid, 
HBOT and outcome.

First aid

As described in Table 4, 70% of divers were symptomatic 
within 30 minutes. The ranking dive leader was the primary 
care provider in 58% of cases. Thereafter, 59% of these 
divers received care from a physician. In these cases, 
referral to the physician depended on the severity score
(< 7: 47%; 7–13: 82%; > 13: 100%; χ 2 = 10.23, df = 2, 
P = 0.004). In only 10% of cases did divers seek help directly 
from a physician. The severity of the symptoms (χ 2 = 23.34,
df = 2, P < 0.0001) as well as their duration (χ 2 = 9.97, df = 2, 
P = 0.007) were the primary triggers for seeking help 
directly from a physician, while severity had no influence on 
the activation of the ranking dive leader (χ 2 = 0.36, df = 2, 
P = 0.43) (Figure 1). Surprisingly, 32% of the injured 
divers did not activate an emergency response and none 
of these were treated. Again, low severity seemed to be 
the primary factor for not seeking help (severity score
< 7: 36%; 7–13: 27%; > 13: 0%; χ 2 = 8.45, df = 2, P = 0.014).

Amongst the 66 divers who informed the ranking dive leader 
of symptoms, 86% received oxygen at a minimal rate of 
15 L∙min-1 and fluids were given in 65%. Despite it being 
a recommended procedure in France, unlike most other 
places, only 29% of injured divers recalled receiving oral 
acetylsalicylic acid.

Treatment and outcome for DCI cases

The decision to administer HBOT was made according 
to the severity score (< 7 32%; ≥ 7 100%; χ 2 = 25.66, 
df = 2, P < 0.0001), not based on the presence of continuing 
symptoms (< 24 hours 64%; ≥ 24 hours 60%; χ 2 = 0.10, 
df = 2, P = 0.949). However, the chosen protocol was not 
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Table 2
Self-reported symptoms after a dive; although some respondents may have declared several episodes, percentage calculations are

made on the first episode

Male
(n = 586)

Female
(n = 198)

Total
(n = 784)

n % %
of total n % %

of total n %

No symptom reported 222 37.9 28.3 49 24.7 6.3 271 34.6

Self-reported symptoms 364 62.1 46.4 149 75.3 19.0 513 65.4

Ear pain 240 40.9 30.6 111 56.0 14.2 351 44.8

Sinus pain 144 24.6 18.4 60 30.3 7.6 204 26.0

Toothache 58 9.9 7.4 26 13.1 3.3 84 10.7

Loss of hearing or ringing 
in ears 50 8.5 6.4 19 9.6 2.4 69 8.8

Headache 28 4.8 3.6 25 12.6 3.2 53 6.8

Dizziness 37 6.3 4.7 11 5.6 1.4 48 6.1

Tingling 36 6.1 4.6 11 5.6 1.4 47 6.0

Joint pain 37 6.3 4.7 9 4.6 1.1 46 5.8

Unusual fatigue 30 5.1 3.8 13 6.6 1.7 43 5.5

Loss of strength 29 5.0 3.7 14 7.1 1.8 43 5.5

Muscle pain 33 5.6 4.3 8 4.0 1.0 42 5.3

Shortness of breath 27 4.6 3.4 14 7.1 1.8 41 5.2

Numbness 29 4.9 3.7 9 4.6 1.1 38 4.8

Stomach pain 23 3.9 2.9 12 6.1 1.5 35 4.4

Chest pain 23 3.9 2.9 10 5.0 1.3 33 4.2

Decreased/absent sensation 25 4.3 3.2 7 3.6 0.9 32 4.1

Breathing disorders 19 3.2 2.4 12 6.1 1.5 31 3.9

Nausea/vomiting 19 3.2 2.4 10 5.0 1.3 29 3.7

Thoracic oppression 16 2.7 2.0 13 6.6 1.6 29 3.7

Visual disturbances 18 3.1 2.3 10 5.0 1.3 28 3.6

Itchy skin 21 3.6 2.7 7 3.6 0.9 28 3.6

Coughing up blood 16 2.7 2.0 8 4.0 1.0 24 3.0

Balance disorders 17 2.9 2.2 5 2.5 0.6 22 2.8

Eye pain 9 1.5 1.2 8 4.0 1.0 17 2.2

Back pain 11 1.9 1.4 6 3.0 0.8 17 2.2

Confusion/unusual 
behaviour 7 1.2 0.9 2 1.0 0.3 9 1.2

Language disorders 5 0.8 0.6 2 1.0 0.3 7 0.9

Urinary disorders 2 0.3 0.3 2 1.0 0.3 4 0.6
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related to severity and included short 284 kPa treatment 
tables (14%; US Navy Treatment Table 5 or Comex 18C), 
long 284 kPa tables (64%; USN TT6 or Comex 18L) and a 
405 kPa table (Comex 30). Complete resolution was reported 
by 84 (74%) divers, mild residual symptoms such as mild 
paresthesia, weakness, residual pain or some impairment of 
daily activities by 22 (19%). Eight (7%) divers self-declared 
severe residual symptoms, such as difficulty walking, 
paralysis, uncompensated vertigo or speech disorders. 
The final outcome was related to the initial severity score
(χ 2 = 58.58, df = 4, P < 0.0001) and also to symptom duration 
(χ 2 = 27.28, df = 4, P < 0.0001), which did not appear to 
be a treatment choice criterion. Three out 31 divers who 
did not seek help reported having some residual symptoms.

Discussion

The characteristics of the general French diving population 
have been previously estimated by two French marketing 

studies, one conducted on behalf of the French diving 
organizations23 and one conducted by the French 
government.24  According to those studies, the average 
diver is a man aged 38 ± 10 (mean +/- SD) years 
(median 37, IQR 32–47), with a low certification level and 
for whom scuba diving is an occasional activity (8 ± 6 dives 
per year; median 12.5, IQR  5–16), despite an activity span of 
7.1 ± 4.4 years (median 6.5, IQR 5.5–11.5). Women 
account for 32% of the total population and 25% of dive 
leaders and instructors. As far as sex, age and occupational 
categories are concerned, our sample is consistent with 
these general diving population characteristics. However, it 
differs markedly in its certification breakdown and diving 
activity, with high-level certification (82%) over-represented 
compared to the general diving population, as only one-
third of the latter has a certification level higher than
EN 14153-2/ ISO 24801-2 'autonomous diver'. This would 
also explain the reported greater diving activity. Therefore, 
these observations cannot evaluate the effect of relative 
inexperience on the occurrence of DI-related symptoms.

Table 3
Dive parameters for injured divers (n = 513). Missing values in the table refer to missing data from the respondents.

(* P < 0.0001, men vs. women, paired t-test, df = 511)

Male
(n = 364)

Female
(n = 149)

Total
(n = 513)

n % %
of total n % %

of total n %

Type of dive

Single 218 59.9 42.5 90 60.4 17.5 308 60.0

Interrupted 2 0.5 0.4 0 0 0.0 2 0.4

Repetitive 98 27.0 19.1 35 23.5 6.9 133 26.0

≥ 3rd dive/day 36 9.9 7.0 17 11.4 3.3 53 10.3

Missing 10 2.7 1.9 7 4.7 1.4 17 3.3

Purpose

Introductory 4 1.1 0.8 3 2.0 0.6 7 1.4

Exploration 210 57.7 40.1 91 61.1 18.6 301 58.7

Training 112 30.8 21.8 40 26.8 8.4 152 29.6

Technical 27 7.4 5.2 6 4.0 1.2 33 6.4

Missing 11 3.0 2.1 9 6.1 1.8 20 3.9

Decompression

Dive computer 320 87.9 62.4 135 90.6 26.3 455 88.7

Dive table 26 7.2 5.1 8 5.4 1.6 34 6.7

None 8 2.2 1.6 3 2.0 0.5 11 2.1

Missing 10 2.7 2.0 3 2.0 0.5 13 2.5

Diving depth (msw [mean ± SD])* 32.1 ± 16.6 25.0 ± 11.6 30.2 ± 15.8

Total dive time (min [mean ± SD]) 45 ± 27 41 ± 18 44 ± 25
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Table 4
Diver responses to DCI-like symptoms according to onset, severity score and duration of symptoms (n = 114) (DM = Divemaster)

Onset Severity 
score

Duration of 
symptoms

Men
(n = 73)

Women
(n = 41)

Total
(n = 114)

n DM Medic n DM Medic n DM Medic HBO

In water

<7
<24h 7 4 0 8 0 3 15 7 3 0

24–72h 6 5 1 4 1 3 10 6 4 2

7–13 <24h 3 1 1 - - - 3 1 1 1

>13
<24h 2 2 2 1 1 1 3 3 3 3

24–72h 1 1 1 2 1 2 3 2 3 3

<5 min
<7

<24h 13 9 3 4 2 0 17 11 3 1

24–72h 6 4 2 2 1 0 8 5 2 1

>72h 4 3 4 1 0 1 5 3 5 3

7–13 <24h 1 1 0 - - - 1 1 0 0

>13 <24h 1 1 1 - - - 1 1 1 1

5–10 min <7
<24h 2 1 0 1 0 0 3 1 0 0

24–72h 1 0 1 - - - 1 0 1 1

>13 <24h 1 1 1 - - - 1 1 1 1

11–30 min
<7

<24h 2 2 0 2 2 0 4 4 0 0

24–72h 1 1 0 1 1 1 2 2 1 0

7–13
<24h - - - 2 2 2 2 2 2 2

24–72h 1 1 1 - - - 1 1 1 1

31–60 min

<7
<24h 3 3 0 1 1 0 4 4 0 0

24–72h 1 0 1 - - - 1 0 1 0

7–13 <24h 2 2 2 - - - 2 2 2 2

>13
<24h 1 1 1 - - - 1 1 1 1

24–72h 1 0 1 - - - 1 0 1 1

1–3 h
<7

<24h 2 1 1 4 0 2 6 1 3 0

24–72h 1 0 1 3 1 2 4 1 3 1

7–13 <24h 3 2 1 2 2 2 5 4 3 2

>13 <24h 1 1 1 1 1 1 2 2 2 2

3– >24 h

<7
<24h 2 0 1 - - - 2 0 1 0

24–72h 1 0 1 - - - 1 0 1 0

7–13 <24h - - - 1 0 0 1 0 0 0

>13
<24h 2 0 2 - - - 2 0 2 2

24–72h 1 0 1 1 0 1 2 0 2 2
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This is especially true for ear barotrauma, which is known 
to be associated with less experienced and intermediate 
divers.25  Nonetheless, barotrauma accounted for the vast 
majority of the recorded DI in our study. It is likely that this 
is partly explained by the questionnaire design, which was 
meant to explore the whole diving career of respondents 
to mitigate this particular risk of bias. It could also be 
considered that the survey methods helped to reach those 
who dive more actively and so more frequently expose 
themselves to a possible DI. Therefore, the results give a 
fair picture of probable DI among more experienced French 
recreational divers.

Several factors, such as age, sex and lack of continuity of 
diving influenced the self-reporting of DI symptoms. For 
instance, women declare more DI symptoms than men, 
either because they are more willing to report a DI or owing 
to physiological differences, either genetic or hormonal. 
This relationship has been mostly studied in relation to 
DCI, with contradictory results. Although a lower risk has 
been reported in female professional divers owing to more 
conservative dive conditions,26 other studies have reported 
an increased risk of DCI in women.27  When it comes to 
the global risk of DI (not limited to DCI), to the best of our 
knowledge, only one study has assessed the influence of 
sex and several other factors.5  Consistent with this previous 
survey, our data support the hypothesis that women could 
be more susceptible to DI than men. However, the possible 
reasons for this are unknown.

Age is a well-documented risk factor both for diving 
fatalities28 and DCI.27  However, our results indicate that 
when considering all types of DI, self-reporting of dive-
related symptoms tended to decrease with increasing age. 
The absence of a relationship with diving experience or 
certification level suggests that age is paramount in this 
relationship. No definitive explanation is possible for such 

a counter-intuitive relationship, but this may be related to 
either a selection effect or, since it is a self-reported survey, 
a psychological difference in the perception of symptom 
severity. Indeed, divers who experience repeated symptoms, 
even minor, or comorbidities ('healthy diver' effect) might 
not continue to dive. As a result, the proportion of divers who 
never experienced injury increases with age. Alternatively, 
older divers might not declare symptoms considered as 
‘normal’ or not sufficiently important to note. In the latter 
case, the question arises as to whether a diver’s training 
should include teaching on the potential impact of ‘minor’ 
injuries on long-term health issues.29  

Although physical fitness and exercise are known to exert 
a protective effect for DCI,30 this was not supported in this 
survey. One explanation could be that the beneficial effect 
of physical fitness may only be related to DCI but not to 
other DI, mainly barotrauma. Less than a third of divers 
who reported DCI-like symptoms reported neurological 
signs, a proportion less than in previous studies.31,32  This 
discrepancy probably relates to a reporting bias, respondents 
only reporting what they remember retrospectively rather 
than being tested formally. Alternatively, this difference 
might also come from the absence of the less severe cases of 
DCI in these previous studies, as suggested by the number 
of divers in our survey who declared DCI-related symptoms 
but did not seek care from a physician.

After context analysis, the most common self-reported 
injuries were barotraumas (n = 320, 62% of injured divers), 
consistent with previous data.5  This poses questions 
regarding prevention and overall knowledge of this 
particular issue. Barotrauma, except for pulmonary33 and 
inner ear barotrauma,34 are largely ignored by the scientific 
community. For instance, a recent review could only identify 
44 relevant papers that constituted primary literature related 
to otology and scuba diving.35

Figure 1
Activating triggers among injured divers (n = 114) for seeking help and determining hyperbaric oxygen treatment (HBOT)
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Reduction of sequelae after DCI is based on early 
recognition of symptoms and signs, the initiation on site 
of first aid and swift evacuation to a hyperbaric chamber. 
Nonetheless, several studies have demonstrated that on-
site first aid was often inadequate, with only 17 to 59% 
of injured divers receiving oxygen or fluids at some stage 
prior to recompression.18,31,36  This survey is consistent 
with these observations. Permanent complete relief or 
improvement was reported in 59% of all treated cases, which 
is consistent with previous reports (65%19 and 57%18). This 
raises questions about appropriate education on accident 
management, a concept commonly misunderstood and 
which is different from treatment.12  Since the majority 
of the injured divers (70%) were symptomatic within 
30 minutes of surfacing, consistent with the existing 
literature,37 it also raises the question of how divers react 
to diving incidents. Injury severity did not appear to be a 
factor in reporting events to dive leaders, but it was a factor 
in medical referrals. Indeed, there is a high proportion 
of divers who fail to identify DCI owing to many factors 
(non-specific presentation, hope that symptoms will settle 
spontaneously, denial, underestimation of the potential 
consequences of untreated DCI,31 unwillingness of fellow 
divers to acknowledge the evidence15 and poor education on 
the diversity of symptomatology of DCI). These behaviours 

potentially may explain the large proportion of injured divers 
(32%, including those with DCI-like symptoms) who never 
sought help. Therefore, more emphasis should be given 
in divers' training to the varied, atypical symptomatology 
and unpredictable evolution of DCI, making pre-hospital 
diagnosis difficult. This is paramount since one out of 10 
divers with DCI symptoms, who never sought treatment, 
reported some residual symptoms.

In France, transfer to a referral centre is required by law, 
and is under the responsibility of the CROSS (Search and 
Rescue Regional Centre).38  It can be seen from this survey 
that the ranking dive leader often acts as a filter for referral 
to medical care. This indicates a need for better education 
of dive centres, instructors, boat skippers and deck hands in 
diving incident management. Fortunately, all but a few of 
the divers who did not receive oxygen or were not referred 
for medical assessment had complete resolution.

The decision to use HBOT seemed to be based solely on the 
severity score of the presenting symptoms and signs but this 
needs to be interpreted with caution since it is based only on 
patient self-reporting and not on the medical records. Since 
the time beyond which hyperbaric treatment is not effective 
has yet to be determined, this is of importance for triage 

Table 5
Final outcome and applied treatment among DCI cases (n = 114); mild residual symptoms are mild paresthesia, weakness, residual pain 
or some impairment of daily activities. Severe residual symptoms are difficulty walking, paralysis, uncompensated vertigo, or speech 
disorders; 14 divers (13 with a severity score < 7, 1 between 7–13) had a spontaneous recovery with full resolution without any treatment, 

although they activated the emergency response system

Severity 
score

After first HBOT Final outcome
Complete
resolution

Mild 
residual

Severe
residual

Complete
resolution*

Mild 
residual

Severe
residual

Received 
first-aid and 

HBOT

<7 (n = 9) 8 1 0 8 1 0

7–13 (n = 8) 2 4 2 4 2 2

>13 (n = 16) 2 6 8 1 9 6

(n = 33) 12 11 10 13 12 8

Received 
first-aid

<7 (n = 31) − − − 25 6 0

7–13 (n = 2) − − − 1 1 0

Not seeking 
help

<7 (n = 30) − − − 29 1 0

7–13 (n = 4) − − − 2 2 0

Total 84 (74%) 22 (19%) 8 (7%)
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by telemedicine where consultation with a diving medical 
officer who is not present at the accident site is organized 
by telephone or some other means.39

LIMITATIONS

Firstly, like all surveys, our results depend on self-reported 
data. Self-reported surveys introduce recall bias and there is 
a chance of over- or under-reporting of the frequency and/or 
severity of symptoms. This could be intentional or owing to 
missed or incorrectly assessed symptoms. Secondly, owing 
to the nature of the distribution of this survey, the response 
rate is unknown, resulting in a non-responder bias. Thirdly, 
the ability to generalize the findings to the general French 
diving population is limited because of the high responder 
rate amongst highly qualified and experienced divers.

Conclusions

This online survey provides insights into diving injuries 
amongst experienced French recreational divers, based on 
retrospective self-reporting of symptoms on an electronic 
questionnaire. The most frequently reported symptoms 
suggest the mild nature of most injuries, with ear barotrauma 
seeming to be the most frequent. The survey provided 
evidence of the influence of female sex, younger age and 
lack of continuity of diving as potential risk factors for injury. 
The data question divers’ knowledge about dive-related risks 
and showed the need for better information and education 
for recreational divers.
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Abstract
(Sames C, Gorman DF, Mitchell SJ, Zhou L. The impact of health on professional diver attrition. Diving and Hyperbaric 
Medicine. 2019 June 30;49(2):107–111. doi: 10.28920/dhm49.2.107-111. PMID: 31177516.)
Introduction: Approximately 77% of professional divers leave the industry within five years of entry for reasons that are 
uncertain. One possibility is that attrition is due to ill-health. The health of New Zealand occupational divers is surveyed 
by a comprehensive medical examination every five years and by a health questionnaire in the intervening years. Divers are 
thereby confirmed ‘fit’ annually. The aim of this study was to determine if divers quit the industry due to a health problem 
not identified by this health surveillance system.
Method: 601 divers who had left the industry within five years of entry medical examination (‘quitters’) were identified 
from a computerised database. One hundred and thirty-six who could be contacted were questioned about their principal 
reason for quitting. Comparison was made between the health data of all those defined as ‘quitters’ and a group of 436 
‘stayers’ who have remained active in the industry for over 10 years.
Results: Health was the principal reason for abandoning a diving career for only 2.9% of quitters. The overwhelming majority 
(97.1%) quit because of dissatisfaction with aspects of the work, such as remuneration and reliability of employment. 
Besides gender, the only significant difference between the health data of quitters and stayers was that smoking was four 
times more prevalent among quitters.
Conclusions: The key determinant of early attrition from the New Zealand professional diver workforce is industry-related 
rather than health-related. The current New Zealand diver health surveillance system detects the medical problems that 
cause divers to quit the industry.

Introduction

The impact of diving on health has been extensively 
investigated, but not the impact of health on diving. The 
registered professional diver workforce in New Zealand has 
remained relatively stable numerically, at approximately one 
thousand divers, for many years. However, a previous study 
of this group showed that over a five-year period there was 
an attrition rate of 77%, suggesting considerable flux, with 
the number of newly registered divers roughly matching 
those either retiring or leaving the profession to pursue other 
employment.1  There are many possible explanations for such 
a high rate of attrition, but of primary interest, and the focus 
of the present study is whether health-related issues play a 
significant role in a diver’s decision to leave the profession.

Diving is undeniably hazardous, with workers at risk of 
potentially catastrophic accidents, and also the possibility 
of long-term adverse health effects. Anxiety about such 
outcomes may be one of the drivers of the reported high 
attrition rate. However, many studies have reported 

minimal long-term adverse health effects, even in relation 
to respiratory and auditory function, both commonly 
believed to be the most likely targets for damage.2−7  One 
of the limitations of such studies is a possible sampling 
bias caused by the lack of data from divers who are no 
longer working, and who may have left the industry for 
health reasons, leading to erroneous conclusions due to a 
‘healthy worker effect’ of unknown magnitude. However, in 
New Zealand, where occupational diver health is monitored 
by a comprehensive medical examination every five years 
and by a health questionnaire in intervening years, very few 
divers are found to have a health condition that disqualifies 
them from occupational diving.1,8  One could conclude that 
almost all who leave the industry do so for reasons unknown 
because of a lack of relevant data. However, there remains 
the possibility that diver attrition may be due to health issues 
that the health surveillance system is failing to detect.

The current study aims to establish the significance of health 
issues as a determinant of departure from the professional 
diver workforce, and to check that the current New Zealand 

mailto:chris.sames%40waitematadhb.govt.nz%20?subject=
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diver health surveillance system is not failing to detect 
medical problems that cause divers to quit the industry.

Method

Ethical approval for this study was granted by the Health 
and Disability Ethics Committee (HDEC), approval number 
18/CEN/180. Professional divers were identified from a 
computerised database and categorised as either ‘quitters’ 
(with no derogatory implication intended) or ‘stayers’. 
Quitters were defined as those who had remained registered 
for fewer than five years and had not re-registered in the last 
five years, while stayers were defined as current divers who 
have remained registered for 10 years or longer.

Quitters with a recorded email address were surveyed by 
asking them to complete a simple questionnaire designed 
to clarify whether or not they were still working as a diver 
(perhaps overseas), and if not, what type of diving they 
had been engaged in when they left, and, most importantly, 
whether they had quit diving for health reasons. Because 
of difficulties establishing communication with ex-divers, 
additional avenues of contact were attempted, namely by 
telephone and by social media (Facebook®). To give an 
indication of a desirable sample size, a power analysis 
based on a notional response distribution of 10% quitting 
for health reasons (agreed a priori based on clinician-author 
experience) demonstrated that a sample of 113 quitter-
divers would be required to complete the survey, with a 5% 
margin of error, a 95% confidence limit (95% CL) and a 
total population of quitter-divers of 600. Any who reported 
that they were now employed as divers registered in another 
country were excluded from further analysis. The remaining 
group of respondents was compared with the group of non-
respondent quitters to test for group homogeneity with the 
understanding that the non-respondents would also include 
an unknown number still working elsewhere as divers.
 
Any record of a health-related issue disclosed in initial or 
subsequent dive medical assessments was noted, and these 
results together with the category of occupational diving and 
other demographic data were compared between quitters 
and stayers.

Statistical analysis was performed using SAS® v9.4 
software (SAS Institute Inc., Cary, North Carolina, USA). 
Frequency and proportion (%) were used for describing 
categorical variables, such as gender, smoking status and 
type of diving. Median with minimum and maximum were 
used to describe the continuous variables, such as years 
registered and body mass index (BMI), as they did not 
follow a normal distribution, whilst 95% confidence limits 
(CL) were estimated for the reported proportions quitting 
for health reasons and for those with a recorded history of 
a health condition. Comparisons were made between the 
quitter group and the stayer group, and between responder 
and non-responder groups. The Chi-squared test (and 
Fisher’s exact test if suitable) and the Wilcoxon rank-sum 

test were used for categorical and continuous variables 
respectively. A P-value of < 0.05 was considered to be 
statistically significant.

Results

622 divers were identified as ‘quitters’ and 436 as ‘stayers’. 
Quitters remained registered for a median of one year (range 
1−5 years), compared with 14 years (range 10−25 years) 
for stayers. Record of either an email address or telephone 
number was available for 364 quitters, but many were either 
incorrect or no longer active. There were 53 responses to 
email, a further 67 to telephone calls and 37 to Facebook® 
contact, giving a total of 157 responses (response rate 
25.2%). Twenty-one respondents (13.4%) were still active 
divers, but were registered and working in countries other 
than New Zealand. These divers were excluded from our 
analysis of health reasons for leaving the divers’ register, 
and also from comparison of quitters with stayers, leaving 
a total of 601 quitters and 136 quitter-responders.

Of the quitter responders, four claimed that they had stopped 
diving because of a health issue (2.9% of responses, 95% 
CL = 0.8%, 7.4%). Two were aquaculture workers, one was 
a construction worker and one was a recreational diving 
instructor. The specific health reason was described as a 
sinus problem in all four cases. The most common reason for 
quitting (97% of responses) was simply to provide a change 
in job/life direction, usually prompted by dissatisfaction with 
aspects of professional diving, such as poor remuneration 
and lack of consistency of employment. A similar proportion 
of quitters (11.1%, 95% CL = 8.7%, 13.9%) and stayers 
(11.0%, 95% CL = 8.2%, 14.3%) had a recorded medical 
condition (most commonly obesity or abnormal hearing or 
lung function requiring regular surveillance), but none of the 
four who quit for health reasons had any notable medical 
condition (including the sinus problems that resulted in 
quitting) recorded from their health questionnaire or initial 
medical examination.

For all divers, smoking was almost four times more common 
in quitters than stayers (18.6% vs 5.3%) (Table 2). The 
proportion of scientific divers who were current smokers 
was consistently low in both groups (1.6%), while the 
proportion of instructors and commercial divers who were 
current smokers was significantly higher in the quitter 
than the stayer group (17.7% vs 3.9%, and 31.2% vs 4.7% 
respectively). This smoking association was particularly 
pronounced for commercial divers, who represented a 
similar proportion in both quitter and stayer groups (23.0% 
vs 19.7%), but the proportion who smoked decreased six-
fold in the stayer group.

Quitters were almost twice as likely as stayers to be female 
(20.6% vs 11.2%) and also more than twice as likely to be 
an instructor (38.4% vs 17.4%). In fact, 53.2% of females 
who quit and 26.5% who stayed, were instructors. Quitters 
were significantly less likely to be a scientific diver. These 
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Characteristics
All quitters

(n = 601)
Quitter responders

(n = 136)
Stayers

(n = 436)

Male/female ratio (%) 477/124 (79/21) 108/28 (79/21) 387/49 (89/11)

Height [cm (range)]* 177 (152−200) 178 (152−200) 178 (154−204)

Weight [kg (range)]* 81 (47−153) 83 (52−145) 85 (48−150)

BMI [kg∙m-2 (range)]* 26 (18−51) 26 (18−41) 27 (19−42)

Age at last medical
[years (range)]*

29 (16−62) 28 (16−56) 43 (23−72)

Years registered
[years (range)]

1 (1−5) 1 (1−5) 14 (10−25)

Non-smoker 326 (54) 83 (61) 317 (73)

Ex-smoker 163 (27) 35 (26) 96 (22)

Current smoker 112 (19) 18 (13) 23 (5)

Medical issue on record 67 (11) 17 (12) 48 (11)

Type of diving

Instructor 231 (39) 54 (40) 76 (17)

Commercial 138 (23) 15 (11) 86 (20)

Scientific 65 (11) 16 (12) 126 (29)

Aquaculture 49 (8) 16 (12) 24 (6)

Military/Police/Customs 53 (9) 26 (19) 56 (13)

Construction 41 (7) 3 (2) 55 (13)

HBU attendant 12 (2) 5 (4) 4 (1)

Film 12 (2) 1 (< 1) 9 (2)

Medical issue on record 67 (11) 17 (12) 48 (11)

Reason for leaving**

Dissatisfaction N/A 132 (97) N/A

Health N/A 4 (3) N/A

Table 1
Comparison of characteristics of New Zealand professional divers who have either quit diving within five years of starting (quitters) or 
continued diving for > 10 years (stayers); * values were taken from the most recent medical examination and are presented as median 
(and range) where not expressed as a percentage; percentages are rounded to nearest whole number; n (%) for all variables except where 

stated otherwise; ** ‘Reason for leaving’ values are not applicable  for ‘stayers’ and not available for ‘all quitters’ (N/A)

results are summarised in Tables 1 and 2. Comparison of the 
responder and non-responder groups showed no significant 
differences apart from the proportions of the various diver 
sub-groups.

Discussion

The impact of health status on the attrition rate of professional 
divers was investigated by identifying and surveying a group 
of divers who left the industry within five years of joining. 
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The reasons given for leaving were almost entirely related 
to the diving work environment, such as dissatisfaction with 
aspects of the job or just wanting a change in career, rather 
than anything to do with health. This finding will not surprise 
clinicians who have experience working with professional 
divers, but the purpose of the study was to quantify the 
impact of health on diver attrition, and we are not aware of 
any previous studies that address this issue.

The finding that only 2.9% of responding professional divers 
leave the industry for health reasons undetected during 
formal health surveillance provides strong support for the 
integrity of the current system of health surveillance for 
this group of workers. This is particularly so since in every 
case the undetected medical problem responsible for the 
divers’ decisions to leave the industry was highly unlikely 
to result in a life or limb-threatening event. In contrast, 
a high percentage quitting for undetected health reasons, 
particularly health problems with significant implications 
for diver safety, would have suggested an inadequate 
surveillance process and an unacceptably high false negative 
rate (if we define ‘negative’ as absence of health-related 
findings that would preclude safe diving).

These results are relevant to the many previous studies 
investigating the converse issue, the impact of diving 
on health, which could be criticised for sampling bias 
due to the omission of data from ex-divers. Our findings 
suggest that a ‘healthy worker effect’ is unlikely to have 
a significant impact on the validity of such studies of 
working divers, especially in relation to the possibility 
that serious diving-induced health problems might be 
significantly over-represented among divers who have left 
the industry. Although there might be potential for diving 
to have exacerbated the condition in the four divers we 
found who ceased diving because of sinus problems, it is 
more likely that diving unmasked a chronic predisposition 
to such problems.

The reasons for recreational diving instructors being more 
likely to quit than any other category of diver are speculative, 
but we suggest that instructors may, in general, be a more 
itinerant group, perhaps comprising those who consider 
instructing as a short-term, interim or secondary occupation. 
Work as an instructor may also be less consistent and more 
seasonal than some of the more ‘stable’ diving careers such 
as scientific, construction or military diving. We also noted a 
correlation between smoking and quitting diving, such that 
smokers were more likely to quit diving, and, as a corollary, 
non-smokers were far more common amongst stayers than 
quitters (72.7% vs 54.2% respectively). The proportion of 
instructors in the quitter group was more than twice that 
in the stayer group, and the proportion of instructors who 
smoked in the quitter group was more than four times that 
in the stayer group.

The six-fold decrease in the proportion of commercial divers 
who smoked in the stayer group compared to the quitters 
might be explained simply on the basis of age. The median 
age of the stayer group was 15 years older than the quitter 
group, but although smoking prevalence rates in the general 
population decrease with age, the large difference we found 
between quitters and stayers emphasised a stayers’ smoking 
prevalence rate significantly lower than the age-related 
New Zealand and international population norms.9,10  The 
quitters who responded to this survey were not asked their 
current smoking status, but further research could resolve the 
question of whether diving may act as a motivation to quit 
smoking, or conversely, that smoking possibly contributes 
to a departure from diving. If the former were true, however, 
we would have expected to find a higher proportion of ex-
smokers in the stayers group.

LIMITATIONS

Firstly, the study surveyed only those divers who quit early 
in their career, whereas there are likely to be some who leave 
for health reasons after a career spanning longer than five 

Diver Category Quitters (n = 601) Stayers (n = 436)

Scientific   1 (1.6) (n = 65) 2 (1.6)  (n = 126)

Instructor   41 (17.7) (n = 231) 3 (3.9) (n = 76)

Commercial   43 (31.2) (n = 138) 4 (4.7) (n = 86)

Aquaculture   15 (30.6) (n = 49)   3 (12.5) (n = 24)

Military/Police/Customs  4 (7.5) (n = 53) 5 (8.9) (n = 56)

Construction   7 (17.1) (n = 41)   6 (10.9) (n = 55)

All* 112 (18.6) 23 (5.3)

Table 2
Prevalence of smoking amongst the principal categories of New Zealand professional divers who have either quit diving within five years 

of starting (quitters) or continued diving for > 10 years (stayers); number (%) are shown; * P < 0.0001
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years. We agree that research including the more experienced 
group would be worthwhile, but note that a high rate of 
attrition has been reported in the first five years of the divers’ 
careers. In addition, the results of many previous studies of 
the long-term health effects of diving suggest that clinically 
evident diving-related health reasons for quitting are very 
unlikely.2−7  That said, one must accept that lack of a diving-
related health reason for quitting diving does not necessarily 
exclude the possibility of delayed development of a diving-
related clinical condition (e.g., dysbaric osteonecrosis).

Secondly, these results are not necessarily generalisable 
to populations of professional divers in other countries. 
The characteristics, including health status, of professional 
divers may vary depending on local certification and health 
surveillance protocols. Therefore, it is conceded that early 
career attrition rates probably vary internationally.

Thirdly, we found that 13% of the group of quitter-
responders were, in fact, working as divers, but registered 
in other countries. Therefore, it is possible that a similar 
proportion of the quitter-non-responders were also still active 
divers. Our inability to determine this number reduces the 
accuracy of our comparison of quitter-responder and non-
responder groups. Nevertheless, this had no effect on the 
primary outcome of the study, the influence of health status 
on the decision to quit diving.

Finally, as there was a relatively low quitter response rate, 
despite our employment of three methods to contact the 
ex-divers, we accept the possibility of a non-response 
bias. It could be argued that there might be a higher rate of 
leaving for health reasons among the non-responders. On the 
other hand, our reported response rate of 25.2% should be 
considered conservative, as the majority of non-responders 
were unable to be contacted and so had no opportunity to 
respond. However, the fact that there was not a single report 
of a diver quitting because of a clearly diving-related health 
condition suggests that health status is a minimal contributor 
to the professional diver attrition rate.

Conclusions

Diving-related health reasons are of minimal significance in 
determining attrition rates of professional divers. The low 
rate of health-related attrition from the professional diver 
workforce supports the integrity of the current diver health 
surveillance system. Conclusions drawn from studies of the 
health effects of diving on working divers are unlikely to 
be significantly affected by the absence of those who have 
left the industry.
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Abstract
(Mitchell SJ, Green HM, Reading SA, Gant N. The utility and safety of hypoxia experiences for rebreather divers. Diving 
and Hyperbaric Medicine. 2019 June 30;49(2):112–118. doi: 10.28920/dhm49.2.112-118. PMID: 31177517.)
Background: Aircrew training often includes an hypoxic experience aimed at improving symptom recognition and self-
rescue in a subsequent hypoxic event. Similar training has been advocated for rebreather divers. We investigated the effect 
of a prior hypoxic experience on actual and perceived cognitive function during subsequent hypoxia and measured the 
physiological responses to severe progressive hypoxia.
Methods: Twenty-five subjects underwent two hypoxic hypoxia experiences (trials one and two) approximately five weeks 
apart. Subjects breathed 5.5% oxygen whilst performing a playing card recognition test. The primary endpoint was the 
time taken to make three consecutive errors in the card recognition test (time of useful consciousness, TUC). Secondary 
endpoints were the total number of errors made, accuracy of error recollection and physiological variables.
Results: Mean (SD) TUC was 166 seconds (37) and 169 s (35), and subjects made 8.9 (2.4) and 7.8 (2.0) errors in trials 
one and two respectively. Error recall was identical between trials with participants failing to recall 6 (3) and 6 (2) errors 
made in trials one and two respectively. Across both trials mean nadir arterial blood and cerebral oxygen saturations were 
52% and 49% respectively. The mean (SD) increase in heart rate was 42 (16) beats∙min-1.
Conclusion: An hypoxic experience did not improve cognitive performance or subject insight into performance in a second 
exposure five weeks later. Hypoxia imposes a significant physiological stress which may be hazardous in unscreened, non-
medically supervised subjects. Hypoxia experience training is not recommended for rebreather divers at this time.

Introduction

Unanticipated severe hypoxia can occur in both aircrew 
and scuba divers with disastrous consequences. In aviation, 
hypoxia may arise because of cabin decompression or failure 
of oxygen (O

2
) supplementation devices in unpressurised 

aircraft.1  In diving, hypoxia may arise because of inadvertent 
breathing of an hypoxic gas mix at shallow depth, or 
failure of closed circuit 'rebreather' devices to maintain 
a safe inspired PO

2
 (> 21 kPa) in the breathing loop.2  In 

both settings the precipitating circumstances may not be 
obvious, distracted victims may fail to perceive encroaching 
symptoms of hypoxia, and consequent decrements in 
cognitive performance (and ultimately loss of consciousness) 
can lead to fatal accidents.

In aviation, there is a well-established practice of conducting 
periodic training experiences to familiarize aircrew 
with the symptoms of impending hypoxia. Participants 
are decompressed in a hypobaric chamber to pressures 
equivalent to high altitude (typically around 37.6 kPa, 25,000 
feet) whilst wearing masks which deliver supplemental O

2
. 

Removal of the masks exposes the subjects to hypobaric 

air and, therefore, hypobaric hypoxia. The demonstration 
of consequent failure both in simple cognitive tasks and in 
following instructions is considered a valuable illustration of 
the dangers of hypoxia. Several studies have demonstrated 
that an individual’s hypoxic symptoms remain relatively 
constant between widely separated exposures (years).3–5  
Based on these experimental observations, coupled with 
some weak but supportive real-world evidence,6 it is 
believed that better hypoxia symptom recognition prepares 
participants to recognize impending hypoxia and, thus, 
intervene in a timely manner in any subsequent event. 
In addition, although there is no substantive hypothesis 
that would explain better cognitive performance during 
hypoxic events occurring after previous hypoxia training, 
one small study reported a 10–20% higher (but statistically 
insignificant) probability of retaining useful consciousness 
in the latter stages of eight minutes (min) of hypobaric 
hypoxia conducted eight months after a prior hypoxic 
training exposure.7

Use of hypoxic training in aviation has motivated advocacy 
for hypoxia experiences for divers using closed circuit 
rebreathers.8  It has been suggested that hypoxic experiences 

mailto:n.gant%40auckland.ac.nz?subject=
https://doi.org/10.28920/dhm49.2.112-118
https://www.ncbi.nlm.nih.gov/pubmed/31177517
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could take place in dive training facilities or even private 
homes with participants breathing on a rebreather 
(effectively a closed-circuit breathing loop) with no oxygen 
addition until significant symptoms occur.8  No established 
rebreather diving training agencies presently recommend 
this practice, the utility of which is uncertain and its safety 
questionable.

A recent negative study of creatine loading as a means 
of prolonging useful cognitive function during hypoxia 
conducted in our laboratory (unpublished observations) 
has provided certain insights into the value and safety of 
hypoxic experiences for rebreather divers. First, the question 
could be addressed as to whether a hypoxic exposure could 
result in prolongation of useful cognitive function during 
a subsequent hypoxic event. Second, observations were 
made of arterial blood and cerebral oxygen saturations and 
the cardio-respiratory responses during severe progressive 
hypoxia in humans. Such data are surprisingly difficult to 
find in the medical or physiological literature. This provided 
insights into the potential for medical complications of 
hypoxic training experiences in typical rebreather divers. 
Finally, the study afforded the opportunity for discussion 
of the complexity and difficulty in investigating whether a 
prior hypoxic training experience does or does not improve 
the chances of effective self-rescue during a subsequent 
real-world hypoxic event.

Methods

The study protocol was approved by the University of 
Auckland Human Participants Ethics Committee (reference 
019199). The parent study was an investigation of the effect 
of creatine loading on cognitive performance during hypoxia. 
The relevant data will be reported independently. However, 
the lack of any effect of creatine on cognitive performance 
allowed us to re-evaluate the data as an investigation of the 
effect of a prior hypoxic exposure on cognitive function 
during subsequent hypoxia, and to appraise the physiological 
data in the context of conducting hypoxia experiences for 
rebreather divers. For simplicity, we will henceforth omit 
references to creatine administration from the narrative.

TRIAL DESIGN

This was an interventional cohort study that took place at 
the Exercise Metabolism Laboratory, University of Auckland 
from July to September 2017. Twenty-five subjects 
underwent cognitive function testing during two hypoxia 
experiences conducted approximately five weeks apart (a 
total of 50 hypoxia exposures).

PARTICIPANTS

Subjects were 25 volunteers (15 male), mean age 28 years 
[11 SD], range 20–57 solicited from the local student and 
diving communities. All subjects received a participant 

information sheet, a verbal explanation of the study, and 
provided written informed consent. They completed 
a pre-participation medical screening questionnaire 
designed to exclude those with known cardiac, metabolic, 
neurological or respiratory disease or associated risk 
factors. The questions were similar to those on a standard 
pre-participation screening form for scuba diving and were 
chosen by a specialist anaesthesiologist (SJM).

EXPERIMENTAL SETUP

Subjects were comfortably seated and monitoring was 
established as follows: 3-lead electrocardiogram (standard 
limb lead II displayed), finger pulse oximetry (SpO

2
; 

arterial haemoglobin oxygen saturation), and end tidal 
carbon dioxide (CO

2
) (all components of an S5 anesthesia 

monitoring system; GE Electronics, USA); continuous 
measurement of inspired O

2
 and CO

2
 concentrations  (via 

a ML206 Gas Analyzer, ADInstruments, Dunedin, New 
Zealand); ventilation (tidal volume and respiratory rate) via 
a Respiratory Flow Head (MLT1000 L, ADInstruments, New 
Zealand) and single-channel near infra-red spectroscopy 
(NIRS) (PortaLite, Artinis, The Netherlands) with optodes 
placed over the left pre-frontal cortex (Fp1 position, 
international 10–20 system).9  NIRS is a non-invasive 
continuous measurement of cerebral (pre-frontal cortex) 
oxygenation influenced mainly by haemoglobin O

2
 

saturation in the cerebral venous blood. As in its use 
during clinical monitoring of patients, both the absolute O

2
 

saturation value and the percentage reduction from baseline 
saturation were utilized to measure the impact hypoxia on 
cerebral oxygenation. Blood pressure was measured via an 
automated non-invasive blood pressure cuff (NIBP) (GE 
Electronics, USA) before and after the experiment, but 
not during the trial because the discomfort of periodic cuff 
inflation would have been distracting. All experiments were 
attended throughout by a specialist anesthesiologist (SJM) 
for safety purposes.

Subjects breathed via a tight-fitting oronasal mask (7450, 
Hans Rudolpf Inc., USA) connected to a two-way valve 
(2700, Hans Rudolph Inc., USA) with the delivery of 
inspired gas controlled by a pneumatic controller and 
balloon-type valve (8200, Hans Rudolph, USA) which could 
be switched to deliver either room air or a premixed gas 
(5.5% O

2
 94.5% nitrogen (N

2
); inspired oxygen (PiO

2
) 38.7 

mmHg (SD 1.3)) drawn from a Douglas bag. Hypoxic gas 
mixtures were prepared within 10 min of each experiment 
by combining compressed medical grade O

2
 and N

2
 (BOC, 

Auckland, New Zealand) in 150 L Douglas bags. The O
2
 

fraction within each bag was verified using two independent 
gas analyzers (ML206 Gas Analyzer, ADInstruments, 
Dunedin, New Zealand). Prior to each experiment, the 
mask seal was confirmed by leak-free negative pressure 
generation by the subjects. Maintenance of the seal during 
the experiment was verified by continuous monitoring of 
the PiO

2
. The experimental set-up is depicted in Figure 1.
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Cognitive function testing was via a card recognition 
protocol in which playing cards between numbers 4 and 10 
(inclusive), of all four suits and with numbers removed were 
displayed in front of the subject on a bright LCD screen. 
The card changed every four seconds (s) irrespective of the 
accuracy of the subject’s answer or absence of an answer. 
Subjects were required to verbalize the number and suit of 
each new card. Subjects completed a familiarization version 
of the test on four occasions under normoxic conditions, 
in order to confirm perfect test-retest reliability (r = 1) and 
100% accuracy.

EXPERIMENTAL PROCEDURE

Each exposure began with the subject breathing air via the 
mask. The mask gas supply could be switched between air 
and the hypoxic mix without moving the mask using the 
balloon-operated valve (8200, Hans Rudolph, USA). The 
dead space in the hose supplying the mask from the gas 
switching point was 880 ml and would be effectively cleared 
within two breaths of switching (< 10 s). A two-minute 
preliminary period of card recognition (during air breathing) 
was conducted to establish task baseline measurements and 
provide a final familiarization with the task. Upon error-free 

completion of the preliminary task any questions that arose 
were answered before starting the hypoxic exposure.

The hypoxic exposure began with a three second countdown 
followed by switching from air to 5.5% O

2
 breathing, at 

which time the card recognition test and measurement of 
time of useful consciousness (TUC) began. The subject 
continued breathing 5.5% oxygen until he or she made three 
consecutive card recognition errors. An error was defined 
as wrongly identifying the suit of the card and/or the card 
value, or failure to provide any answer within the 4 second 
period over which the card was displayed. When three 
consecutive errors occurred, the inspired gas was switched 
back to air and the TUC recorded. The card recognition 
test was continued during recovery of normoxia until SpO

2
, 

ventilation, and heart rate recovered to pre-test levels. All 
experiments were videoed and later reviewed to verify the 
results recorded in real time.

Five minutes after completion of the protocol, subjects were 
asked how many errors they recalled making during the 
test, and they completed a post-trial questionnaire* adapted 
from the aviation literature in which the severity of potential 
hypoxia symptoms was rated on a 125 mm visual analogue 
scale (VAS) from “not at all” to “severe” where severe was 
further defined as meaning “greatest intensity possible”.10

OUTCOMES AND ANALYSIS

The primary endpoint in each exposure was the TUC, 
defined as the duration from switching to the hypoxic gas 
supply to committal of the third of three consecutive card 
recognition errors. Data are presented as mean (standard 
deviation) and with ranges, as appropriate. The mean times 
of useful consciousness in the two hypoxic exposures were 
compared, as were the mean number of errors actually made 
with the mean number of errors that the subjects recollected 
making in the two exposures. Finally, the mean severity 
ratings of individual hypoxia symptoms between the two 
trials were compared. Comparisons of TUC, errors made, 
errors recalled, and ratings of symptom severity between 
the first and second hypoxic experiences were made using 
two-tailed paired t-tests (Prism 7, Graphpad, USA). A
P-value ≤ 0.05 was considered to indicate statistical 
significance. No corrections for multiplicity were applied.

Results

All 25 enrolled subjects completed two hypoxia exposures 
(referred to as trial one and trial two) separated by an average 
39 day interval (range 35–42 days). There were no adverse 
events.

Figure 1
Illustration of the experimental setup. ECG – electrocardiography; 
FiO

2
 – fraction of inspired oxygen; NIBP – non invasive 

blood pressure cuff; NIRS – near infrared spectroscopy;
SpO

2
 – finger oxygen saturation; HR – heart rate

* Footnote:
The post-trial questionnaire is available on request to the authors from n.gant@auckland.ac.nz

mailto:n.gant%40auckland.ac.nz?subject=
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TUC

The TUC for individual subjects in trials one and two is 
shown in Figure 2. Mean TUC was 166 s (SD 37) and 
169 s (SD 35) respectively (t

24
 = 0.38, P = 0.70). On average, 

subjects made 8.9 (SD 2.4) and 7.8 (SD 2.0) errors in trials 
one and two respectively (t

24
 = 1.79, P = 0.087) (Figure 3). 

Subjects exhibited poor perception or recall of the number 
of errors they made whilst hypoxic. Recall bias was virtually 
identical between trials with participants, on average, failing 
to recall 6 (SD 3) errors made in trial one and 6 (SD 2) errors 
made in trial two (t

24
 = 0.12, P = 0.91) (Figure 3).

SYMPTOM PERCEPTION

Perception of the 24 individual hypoxic symptoms listed 
in the post-trial symptoms questionnaire was very similar 
between trials one and two. The mean ± SD visual analogue 
scores for each symptom in each trial are shown in Figure 4. 
There were no statistically significant differences between 
trials in the ratings of symptom severity for all 24 symptoms 
(all P > 0.05).

PHYSIOLOGICAL CHANGES

The physiological changes associated with breathing 5.5 % 
O

2
 are shown in Figure 5. By the end of TUC mean heart 

rate and minute ventilation had increased by a mean of 
42 beats∙min-1 (SD 16) and 10.0 L∙min-1 (SD 5.1), 
respectively. Conversely, SpO

2
 reduced by 48% (SD 16). 

Subjects typically exhibited a nadir SpO
2
 near 50% at the end 

of TUC. Prefrontal cortex tissue O
2
 saturation (designated 

'tissue saturation index' in Figure 5) decreased on average 
by an absolute value of 16 % (SD 4), but this represents a 
25% decrease from the initial mean baseline value of 63%. 

The mean nadir in pre-frontal cortex tissue O
2
 saturation 

was below 50%.

Discussion

Subjects were exposed to two episodes of severe hypoxia 
separated, on average, by 39 days and there was no 
evidence that the first exposure resulted in greater TUC 
during the second. There was extremely poor post-exposure 
insight into cognitive impairment during hypoxia, and no 
evidence that this improved after the second exposure. The 
lack of any difference in TUC between the two exposures 
helps clarify the finding of the one previous small study 
of the effect of repeat hypobaric hypoxia exposures on 
cognitive performance.7  That study reported a statistically 
insignificant trend to (10–20%) higher probability of 
retaining useful consciousness during the latter stages of 
eight min of severe hypobaric hypoxia conducted eight 
months after a prior hypoxic exposure. However, there is no 
obvious physiological hypothesis which would predict that a 
hypoxic experience would improve TUC during subsequent 
hypoxia. One could speculate that a process of psychological 
adaptation or learning to cope with the impairment might 
have a positive influence, but our data confirm this does not 
occur (at least in the context of a one-month interval between 
events), even when subjects are well aware that they are 
experiencing hypoxia for a second time.

Consistent with previous studies in sequential widely 
separated exposures to hypobaric hypoxia,3–5 the present 
study found that ratings of severity of potential hypoxia 
symptoms remained relatively constant between the two 
exposures. Largely on the basis of this previously reported 
within-subject consistency of hypoxic symptoms, hypoxia 
experience training has been recommended for flight crews 

Figure 2
Time of useful consciousness (TUC) (seconds) for individual 
subjects in two hypoxic experiences (Trials 1 and 2) separated 
by approximately five weeks; group means ± SD shown beneath

Figure 3
Mean (SD) card identification errors (total errors) made and errors 
recalled by the subjects in trials 1 and 2; * P = 0.087 for number 
of errors and P = 0.91 for recall of errors between the two trials
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for the purpose of facilitating appropriate early responses 
to hypoxia events in flight. The implicit assumption is that 
knowledge of one’s 'hypoxic symptom signature' occurring 
in a prior hypoxic exposure could result in earlier symptom 
recognition and initiation of self-rescue in a second hypoxic 
event.

This assumption may be correct, but it has not been proven. 
A review of in-flight hypoxic events showed a dramatic 
difference in the incidence of loss of consciousness 
between aircrew who had received hypoxia training and 
untrained passengers.6  However, there are other differences 
between trained aircrew and passengers (and their in-flight 
circumstances) that could at least partly account for this 
result. Our finding of very poor recall of errors during 
hypoxia is clear evidence of failure to accurately perceive 
the severity of impairment during hypoxia, or failure 
to form accurate memories of it, or both. Similarly, our 
subjects generally gave only mid-range VAS ratings of those 
hypoxia symptoms related to cognitive function despite their 
invariably severe objective cognitive impairment. These 
findings raise the suspicion that prior knowledge of hypoxic 
symptoms might not help a task-loaded and significantly 
distracted aviator or diver to self-rescue during a subsequent 
hypoxic event as reliably as seems to be believed.

This question is of high relevance to both rebreather diving 
and aviation but resolving it in an experimental setting 
would require a complex study. One would have to begin 
with subjects randomized into groups receiving initial 
hypoxic training (Group H – hypoxia) or not (Group N 
– no hypoxia). Then after some predetermined interval, 
both groups would then need to be randomized again to 
perform an objectively measurable and highly distracting 
task during either hypoxia or normoxia while blinded to 
their hypoxia/normoxia allocation, with an instruction 
to perform a secondary self-rescue task if they perceived 
impairment during the test. One would then compare the 
timing and execution of the self-rescue task in those Group H 
and Group N subjects randomized to hypoxia on the second 
exposure. The use of a valid task providing similar levels of 
motivation and distraction to flying a plane or operating a 
rebreather in the dynamic underwater environment would 
be a crucial component of such a study, as would blinding 
participants to their allocation (normoxia or hypoxia) in the 
second exposure. The difficulty in conducting such a study 
probably explains why it has not been done to date.

Our cautious interpretation of the benefits of hypoxia 
familiarization training should not be interpreted as 
suggesting that we disagree with current practices within 

Figure 4
Mean (SD) symptom severity ratings during trials one and two recorded using a visual analogue scale (VAS); 0% = asymptomatic;

100% = most severe possible



Diving and Hyperbaric Medicine  Volume 49 No. 2 June 2019 117

aviation. We see little potential for harm in the aviation 
industry practice of exposing properly screened and 
medically supervised aircrew to hypobaric hypoxia as a 
training exercise. Experience has proven that there is little 
risk and there may be benefits (albeit incompletely quantified 
at this time).

However, in respect to rebreather diving we do not believe 
these benefits have been adequately demonstrated to 
recommend hypoxia experiences in diver training facilities 
or in divers’ homes. Unlike the highly supervised aviation 
setting, there is no experience or safety data for hypoxia 
exposures provided to unscreened and non-medically 
supervised divers and based on first principles there are 
multiple risks. First, failure to terminate the exposure 
quickly enough could result in loss of consciousness with 
associated complications such as loss of airway patency or 
aspiration of stomach contents into the lungs. Second, the 
physiological changes seen with breathing 5.5 % O

2
 were 

predictable though nevertheless dramatic. The induction of a 
significant tachycardia at a time when blood oxygen carriage 
is extremely poor, as demonstrated in our data (Figure 5), 
effectively constitutes a myocardial stress test, and in an 

unscreened population there is an unknown, and possibly 
unacceptable risk of precipitating an ischaemic myocardial 
event or dysrhythmia.

LIMITATIONS

First, as in the only previous study of hypoxia training which 
provided blood oxygenation data,10 measurement of blood 
oxygenation was with pulse oximetry. Pulse oximetry may 
become less accurate (though usually not grossly so) during 
severe hypoxia11 and recordings in the study were not verified 
against a gold standard method such as arterial blood gas 
measurements (P

a
O

2
). However, the latter is invasive and, 

we would argue, unnecessary for the primary purpose of 
the study. The endpoint was functionally severe cognitive 
impairment rather than a specific P

a
O

2
 or S

p
O

2
. In addition, 

NIRS measurements are considered valid during hypoxia, 
and absolute values < 50% or a 20% fall from individual 
baseline values are commonly considered as intervention 
triggers in clinical practice.12  The subjects often crossed 
either or both thresholds. We believe that it is valid to 
characterize these hypoxic exposures as severe.

Figure 5
Mean responses from 50 hypoxic hypoxia exposures showing changes in arterial oxygen saturation of haemoglobin (S

p
O

2 
) measured by 

 

pulse oximetry; TSI –  near infrared cerebral tissue saturation index; V
E
 – minute ventilation; HR – heart rate; the hypoxia phase (ending 

at the point of mean TUC) represents the period of breathing 5.5% oxygen and the recovery phase represents the period of recovery 
during air breathing
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Second, unlike attempts to demonstrate adaptation to 
cognitive impairment in other settings such as inert gas 
narcosis,13 only the effect of a single exposure was evaluated. 
The possibility cannot be excluded that subjects might 
learn to cope better with hypoxia over a greater number of 
exposures. However, such a finding would be of doubtful 
practical value because training programmes with multiple 
exposures are unlikely to be considered acceptable.

Third, the definition of TUC used was the duration from 
switching to the hypoxic gas supply to the point where 
three consecutive card recognition errors were made. This 
included a very short initial period (< 10 sec) of clearance 
of non-hypoxic dead space gas from the gas supply tubing. 
Therefore, the true TUC during hypoxic gas breathing 
is correspondingly shorter. However, since the goal was 
to compare a measure of performance between two 
standardized sequential trials rather than to explicitly define 
a true hypoxic TUC, this small error is inconsequential.

Finally, as alluded to above, neither our study nor others 
conducted previously provide a definitive answer to the key 
question of whether prior hypoxic experience enhances the 
chances of effective self-rescue in a subsequent hypoxic 
event. Our conclusions in respect of the value of such 
experiences for rebreather divers must therefore be regarded 
as interim, pending the conduct of a definitive study.

Conclusions

A prior hypoxic experience did not improve cognitive 
performance or subject insight into performance in a second 
exposure five to six weeks later. Therefore, it is unlikely that 
cognitive acclimation or learning contributes to the ability 
to self-rescue during hypoxia, and any benefit of hypoxic 
training must lie solely in improved symptom recognition. 
However, at the present time there is no definitive proof that 
such training enhances self-rescue during hypoxia. With 
this in mind, we conclude that the potential risks associated 
with both hypoxic loss of consciousness and the physiologic 
changes that occur during hypoxia training are sufficiently 
concerning that we do not recommend such training for 
rebreather divers.

References

1 Cable GG. In-flight hypoxia incidents in military aircraft: 
causes and implications for training. Aviat Space Environ 
Med. 2003;74:169–72. PMID: 12602449.

2 Mitchell SJ, Doolette DJ. Recreational technical diving part 
1. An introduction to technical diving. Diving Hyperb Med. 
2013:43:86–93. PMID: 23813462.

3 Smith AM. Hypoxia symptoms in military aircrew: long term 
recall vs. acute experience in training. Aviat Space Environ 
Med. 2008:79;54–7. PMID: 18225780.

4 Woodrow AD, Webb JT, Wier JS. Recollection of hypoxia 
symptoms between training events. Aviat Space Environ Med. 
2011;82:1143–7. PMID: 22195396.

5 Johnston BJ, Iremonger GS, Hunt S, Beattie E. Hypoxia 
training: symptom replication in experienced military aircrew. 
Aviat Space Environ Med. 2012;83:962–7. PMID: 23066618.

6 Island RT, Fraley EV. Analysis of USAF hypoxia incidents 
January 1976 through March 1990. In: Proceedings of the 31st 
Annual SAFE Symposium. Creswell, OR: SAFE Association; 
1993. p.100–2.

7 Izraeli S, Avgar D, Glikson M, Shochat I, Glovinski Y, Ribak 
J. Determination of the “time of useful consciousness” 
(TUC) in repeated exposures to simulated altitude of 25,000 
ft (7,620 m). Aviat Space Environ Med. 1988;59:1103–5. 
PMID: 3202796.

8 Sutton D. Dry hypoxia training for rebreather divers. 
Discussion thread on website CCR Explorers [Online]. [cited 
2018 July 02]. Available from: https://www.ccrexplorers.
com/community/threads/dry-hypoxia-training-for-rebreather-
divers.14442/.

9 Klem GH, Lüders HO, Jasper HH, Elger C. The ten-
twenty electrode system of the International Federation. 
The International Federation of Clinical Neurophysiology. 
Electroencephalogr Clin Neurophysiol Suppl. 1999;52:3–6. 
PMID: 10590970.

10 Singh B, Cable GG, Hampson GV, Pascoe GD, Corbet 
M, Smith A. Hypoxia awareness training for aircrew: a 
comparison of two techniques. Aviat Space Environ Med. 
2010;81:857–63. PMID: 20824992.

11 Severinghaus JW, Naifeh KH, Koh SO. Errors of 14 pulse 
oximeters during profound hypoxia. J Clin Monit. 1989:5:72–
81. PMID: 2723709.

12 Scheeren TWL, Shober P, Schwarte LA. Monitoring 
tissue oxygenation by near infrared spectroscopy (NIRS): 
background and current applications. J Clin Monit Comput. 
2012;26:279–87. doi: 10.1007/s10877-012-9348-y. PMID: 
22467064. PMCID: PMC3391360.

13 Rogers WH, Moeller G. Effect of brief repeated hyperbaric 
exposures on susceptibility to nitrogen narcosis. Undersea 
Biomed Res. 1989;16:227–32. PMID: 2741255.

Acknowledgements

We are grateful to Andrew Cosgrove and Cullen Le Roy for 
providing assistance with data collection and analysis.

Funding: This study was funded by the University of Auckland.

Conflicts of interest

Simon J Mitchell is Editor of Diving and Hyperbaric Medicine. 
He took no part in the peer-review and decision-making processes 
for this paper, which were managed entirely by the Associate 
Editor, Associate Professor F Michael Davis. There were no other 
conflicts of interest.

Submitted: 25 October 2018; revised 06 February and 07 April 
2019
Accepted: 08 April 2019

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.

https://www.ncbi.nlm.nih.gov/pubmed/12602449
https://www.ncbi.nlm.nih.gov/pubmed/23813462
https://www.ncbi.nlm.nih.gov/pubmed/18225780
https://www.ncbi.nlm.nih.gov/pubmed/22195396
https://www.ncbi.nlm.nih.gov/pubmed/23066618
https://www.ncbi.nlm.nih.gov/pubmed/3202796
https://www.ccrexplorers.com/community/threads/dry-hypoxia-training-for-rebreather-divers.14442/
https://www.ccrexplorers.com/community/threads/dry-hypoxia-training-for-rebreather-divers.14442/
https://www.ccrexplorers.com/community/threads/dry-hypoxia-training-for-rebreather-divers.14442/
https://www.ncbi.nlm.nih.gov/pubmed/10590970
https://www.ncbi.nlm.nih.gov/pubmed/20824992
https://www.ncbi.nlm.nih.gov/pubmed/2723709
https://doi.org/10.1007/s10877-012-9348-y
https://www.ncbi.nlm.nih.gov/pubmed/22467064
https://www.ncbi.nlm.nih.gov/pubmed/22467064
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3391360/
https://www.ncbi.nlm.nih.gov/pubmed/2741255


Diving and Hyperbaric Medicine  Volume 49 No. 2 June 2019 119

Early detection of diving-related cognitive impairment of different 
nitrogen-oxygen gas mixtures using critical flicker fusion frequency
Pierre Lafère1,2,3, Walter Hemelryck1,3, Peter Germonpré1,4, Lyubisa Matity5, 
François Guerrero1,2, Costantino Balestra1,3,6,7,8

1 DAN Europe Research Division, Roseto, Italy
2 Laboratoire ORPHY, EA 4324, UFR sciences et techniques, Université de Bretagne Occidentale, Brest, France
3 Environmental, Occupational, Ageing (Integrative) Physiology Laboratory, Haute Ecole Bruxelles-Brabant (HE2B), 
Brussels, Belgium
4 Centre for Hyperbaric Oxygen Therapy, Military Hospital 'Queen Astrid', Brussels
5 Hyperbaric Unit, Mater Dei Hospital, Msida, Malta
6 Anatomical Research and Clinical Studies (ARCS), Vrije Universiteit Brussel (V.U.B.), Brussels
7 Anatomical Research Training and Education (ARTE), Vrije Universiteit Brussel (V.U.B.)
8 Motor Sciences, Université Libre De Bruxelles (U.L.B.), Brussels

Corresponding author: Pierre Lafère, Laboratoire ORPHY, EA 4324, UFR sciences et techniques, Université de Bretagne 
Occidentale, 6 Avenue Le Gorgeu - CS 93837, 29238 Brest Cedex 3, France
doc.lafere@sfr.fr

Key words
Enriched air – nitrox; Narcosis; Oxygen; Risk management; Near-infrared spectroscopy

Abstract
(Lafère P, Hemelryk W, Germonpré P, Matity L, Guerrero F, Balestra C. Early detection of diving-related cognitive impairment 
of different nitrogen-oxygen gas mixtures using critical flicker fusion frequency. Diving and Hyperbaric Medicine. 2019 
June 30:49(2):119–126. doi: 10.28920/dhm49.2.119-126. PMID: 31177518.)
Introduction: Cognitive impairment related to inert gas narcosis (IGN) is a threat to diving safety and operations at depth 
that might be reduced by using enriched air nitrox (EANx) mixtures. Using critical flicker fusion frequency (CFFF), a 
possible early detection of cognitive abilities/cerebral arousal impairment when breathing different oxygen (O

2
) fractions 

was investigated.
Methods: Eight male volunteers performed, in random order, two dry chamber dives breathing either air or EANx40 (40% 
O

2
−60% nitrogen) for 20 minutes (min) at 0.4 MPa. Cognition and arousal were assessed before the dive; upon arrival at 

0.4 MPa; after 15 min exposure at 0.4 MPa; on surfacing and 30 min post-dive using behavioural computer-based testing 
psychology experiment building language (PEBL) and by CFFF while continuously recording brain oxygenation with 
near-infrared spectroscopy.
Results: In both breathing conditions, CFFF and PEBL demonstrated a significant inverse correlation (Pearson r of -0.90, 
P < 0.0001), improved cognitive abilities/cerebral arousal occurred upon arrival at 0.4 MPa followed by a progressive 
deterioration. Initial brain activation was associated with a significant increase in oxyhaemoglobin (HbO

2
) and a simultaneous 

decrease of deoxyhaemoglobin (HHb). The magnitude of the changes was significantly greater under EANx (P = 0.038).
Conclusions: Since changes were not related to haemodynamic variables, HbO

2
 and HHb values indicate a significant, 

O
2
-dependent activation in the prefrontal cortex. Owing to the correlation with some tests from the PEBL, CFFF could be 

a convenient measure of cognitive performance/ability in extreme environments, likely under the direct influence of oxygen 
partial pressure, a potent modulator of IGN symptoms.

Introduction

Although considered safe, there are some inherent 
risks to scuba diving. For instance, under hyperbaric 
conditions, nitrogen accumulates within the human body 
and is responsible for a neurologic syndrome that includes 
alterations of cognitive functions, motor control and mood 
states. Individual susceptibility varies widely but all divers 
eventually will be impaired.1  As a consequence, these 
associated cognitive and motor impairments may increase 
the risks of injury and reduce working performance. 

According to Project Stickybeak, seeking to document all 
diving fatalities in Australia, inert gas narcosis (IGN) was 
directly responsible for 9% of those fatalities.2

No accurate depth of onset of IGN has ever been proven 
satisfactorily because of a wide individual variation in onset 
and/or divers’ lack of insight into behavioural manifestations 
of narcosis in themselves during diving. For instance, 
it was demonstrated recently, that although objectively 
impaired as assessed by a computerized test battery, it 
was not possible for blinded divers to identify the gas they 

mailto:doc.lafere%40sfr.fr?subject=
https://doi.org/10.28920/dhm49.2.119-126
https://www.ncbi.nlm.nih.gov/pubmed/31177518
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had just breathed.3  Narcosis is not simply an objective 
measurable phenomenon; it also has a subjective facet.4  
Indeed, metacognitive awareness (defined as cognition 
about cognition) and cognitive performance can become 
dissociated.5  However, although divers may be aware of 
this impairment, and could potentially compensate for it, 
the ability or willingness of divers to implement control 
procedures was not as good at deeper depths.5  This has 
major safety implications. Indeed, individuals unable to 
either accurately assess whether they are impaired, or unable 
to implement compensatory control procedures in response 
to a preserved accurate metacognitive judgment, are at risk 
of failing to adopt compensatory strategies and behaviours 
to avoid accidents. Therefore, reliable indices to quantify 
the effects or identify pre-symptomatic effect of IGN are 
needed but not yet available.

Based on animal models,6 it is now commonly accepted 
that the narcotic action of inert gases is responsible for 
an impairment of cognitive abilities and control, where 
cognitive control is defined as a system of processes that 
maintain the ability to interact with the environment in a 
goal-driven manner, with flexibility and constantly adapting 
behaviour to the changing environment.7  Behavioural 
studies have indeed confirmed a progressive deterioration 
with increasing pressure. Although amenable to mitigation 
through study design, many of these tests have been 
criticized because of the influences of motivation, experience 
and learning which may improve task performances over the 
course of testing.8  A computer-based cognitive approach 
may now be possible underwater,9 although its assessment 
has been limited to shallow depth and might not be practical 
in operational circumstances. Hence there is a need for a 
simple, non-invasive but objective tool.

Since a recent study using event-related brain potentials 
suggested that cerebral arousal influenced both proactive and 
reactive cognitive control, an alternative measurement such 
as critical flicker fusion frequency (CFFF) may prove useful. 
Indeed, it has been demonstrated that CFFF could follow 
the recovery of cognitive function after propofol sedation 
earlier than psychometric testing.10  This kind of correlation 
between mental state, CFFF and electroencephalography 
(EEG) has also been proposed recently in a world-class chess 
player, who showed parallel increases in CFFF threshold and 
theta Fz/alpha Pz ratio.11  In another recent study CFFF and 
attentional performance were closely related, with a tight 
relationship between the CFFF and occipital gamma band 
activity both in frequency and power.12  Under normobaric 
conditions, CFFF has been correlated to a computer-
based assessment of cognitive function obtained from 
the psychology experiment building language battery test 
(PEBL), but with a less complicated set-up.13

Testing the CFFF device under hyperbaric condition 
was then an opportunity to question some divers’ habits. 
Although air is the most commonly used breathing gas 
during diving, alternative gas mixtures, such as enriched 

air nitrox (EANx) are increasingly used in scuba diving. 
This alternative employs a lower nitrogen (N

2
) content 

and higher oxygen (O
2
) content than air, partly justified to 

reduce the risks of IGN. Interaction between O
2
 and N

2
 is 

poorly understood. One study suggests a correlation between 
individual sensitivity to nitrogen narcosis and protection by 
N

2
 against cerebral O

2
 toxicity in rats,14 which allows the 

hypothesis of an individual O
2
 limit in mixed-gas diving 

based on the diver’s sensitivity to IGN. However, few 
comparative studies of air and EANx on IGN are available. 
Some human studies have reported worse psychomotor 
performance when using pure O

2
 or EANx,15 whilst others 

reported that narcotic impairment was the same, EANx and 
air being only differentiated on the basis of metacognitive 
assessment.16

The aims of this study were twofold; firstly, to understand 
cognitive performance variation under several standardized 
hyperbaric breathing conditions with different oxygen partial 
pressures (PO

2
) and secondly, to investigate the value of 

CFFF under hyperbaric conditions as a potential early 
warning tool useful for the working diver.

Materials and methods

Experimental procedures were conducted in accordance 
with the Declaration of Helsinki and were approved by 
the Academic Ethical Committee of Brussels (Belgium) 
(Ethic committee B 200-2011-5). The study protocol has 
also passed all Clinical Trial Application validation rules 
(EudraCT Number: 2011-004596-37). All subjects were 
recruited from a large sports diver population (age between 
30 and 40 years, body mass index (BMI) between 20 and 25 
kg∙m-2 and in good health) as described in detail previously.8  

Methods and potential risks were explained to the eight 
selected male volunteers (certified according to European 
norm EN 14153-2 or ISO 24801-2 and for EANx-diving) 
who gave their written, informed consent prior to the 
experiment. Divers taking psychoactive drugs, or who had 
dived 72 hours prior to the experimental dive or had imbibed 
alcoholic or caffeinated beverages within four hours before 
the experimental dive were excluded.

EXPERIMENTAL PROTOCOL

All dives were dry dives, simulated in the hyperbaric 
chamber (Haux-Starmed 2800, Haux-Life-Support Gmbh, 
Karlsbad-Ittersbach, Germany) at the Centre of Hyperbaric 
Oxygen Therapy, Military Hospital 'Queen Astrid', Brussels, 
Belgium. On separate occasions, each subject performed, in 
random order, either a compressed air dive or an EANx40 
(40% oxygen–60% nitrogen) dive. The inspired gases 
were delivered via a tight-fitting mask connected to the 
Haux-Oxymaster system which includes inspiratory and 
expiratory regulators. To avoid any bias, gas composition 
was monitored using a Haux-Oxysearch (Haux-Life-Support 
Gmbh, Karlsbad-Ittersbach, Germany). Subjects were 
blinded to the breathing gas.
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The dive profile was designed to produce narcosis: a 
seven-minute (min) compression time to 0.405 MPa; a 
22-min bottom time and a 12-min linear decompression 
(0.033 MPa∙min-1) to the surface including a 3-min safety 
stop at 0.13 MPa. This profile is within accepted ‘no-
decompression’ and O

2
 toxicity limits for both gas mixes. 

The profile was managed by an experienced chamber 
technician according to the procedure described previously.3

Divers were assessed, in the seated position, for higher 
cognitive functions using CFFF with a specifically designed 
watertight device (Human Breathing Technology, Trieste, 
Italy) as fully described previously,8 and a computerized 
test battery (the psychology experiment building language 
- PEBL) specifically chosen to track deterioration in visual-
perceptual organization, visual-motor coordination as well as 
integration, and visual memory. The tests (maths-processing, 
trail-making and perceptual vigilance) were chosen based 
on previous work.3,13

Divers were tested immediately before the dive (baseline), 
immediately upon arriving at 0.4 MPa, after 15 min at 

depth, when surfacing (i.e., at atmospheric pressure), and 
30 min after surfacing. Since divers usually breathe EANx 
only during the dive, both baseline and 30 min post-dive 
measurements were made while breathing atmospheric air 
for all dives (air and EANx).

NEAR-INFRARED SPECTROSCOPY (NIRS)

Oxygenation of the prefrontal cortex, which plays an 
important role in cognitive control, in the ability to 
orchestrate thought and action in accordance with internal 
goals, was assessed with continuous recording of brain 
NIRS (Nimo [laser continuous wave near-infrared tissue 
oxymeter], NIROX srl, Brescia, Italy). NIRS data analysis 
is adapted from technical data established for functional 
magnetic resonance imaging (MRI). There are substantial 
differences between the two methods in particular the impact 
of the specific noise related to NIRS methodology. In the 
context of functional MRI related to task execution, error or 
noise is defined as all non-correlated activities in particular 
those related to head movements. They represent a critical 
obstacle to reliable statistical inference with a consequent 

Figure 1
Example of time plot of cerebral oxygenation after elimination of artefacts measured through oxyhaemoglobin (HbO

2 
– dashed line), 

deoxyhaemoglobin (HHb – dotted line) and total haemoglobin (tHb – solid line) while breathing either air or enriched-air nitrox (EANx); 
the average of each value is calculated on a sample of 120 seconds (test time) concurrent with other measures
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significant statistical bias toward false positives.17  Therefore, 
for each individual recording (Figure 1), the curve was 
inspected to remove all artefacts in order to achieve 
effective statistical inference.18  Then, the average of each 
value is calculated on a sample of 120 seconds concurrent 
with other measures. Functional challenge of the brain 
by task execution is accompanied by regional changes in 
cerebral blood flow, volume and oxygenation which can 
be monitored through the use of NIRS. When the brain is 
stimulated, in this case by the PEBL testing, this induces 
an increase in oxyhaemoglobin (HbO

2
) and a decrease in 

deoxyhaemoglobin (HHb). According to the literature, 
brain activation is occurring when, compared to the baseline 
value, a two to threefold increase of HbO

2
 accompanied 

by a similar decrease in HHb is observed.19  Therefore, the 
whole literature reports HHb/HbO

2
 changes as variations in 

percentage compared to a normalized baseline observation. 
We assumed the same method to report concurrent CFFF 
changes. The total O

2 
index (TOI), defined as the ratio of 

oxygenated to total tissue haemoglobin, was also recorded. 
This measure reflects cerebral oxygenation to a high degree 
of sensitivity and specificity.20

ULTRASONIC MONITORING AND HAEMODYNAMICS

Finally, bubble load was evaluated 30 min post dive 
according to the Brubakk-Eftedal classification,21 using a 
Vivid 7 echograph equipped with a GE 3S-RS sector array 
ultrasound probe (GE Healthcare, UK). The machine was 
used in harmonic imaging mode (2.0/4.0 MHz) to reduce 
noise in the cardiac cavities. Haemodynamic variables 

(blood pressure and heart beat) were also monitored through 
the whole experimentation.

STATISTICAL ANALYSIS

Since all data passed the Kolmogorov-Smirnov test, allowing 
us to assume a Gaussian distribution, they were analysed 
by means of repeated measures ANOVA with Bonferroni’s 
multiple comparison tests comparing the effects of pressure 
(0.4 MPa vs. 15 min at 0.4 MPa vs. upon surfacing vs.
30 min post-dive) and breathing gas (Air vs. EANx), two-
ways ANOVA and paired t-tests. After normalising the pre-
dive values to 100%, percentage changes were calculated for 
each parameter, allowing an appreciation of the magnitude of 
change between each measurement rather than the absolute 
values. Existence of a correlation was assessed through a 
Pearson test and linear regression. All tests were performed 
using a standard computer statistical package, GraphPad 
Prism version 5.00 for Windows (GraphPad Software, 
San Diego California USA). A threshold of P < 0.05 was 
considered statistically significant. All data are presented as 
mean ± standard deviation (SD).

Results

The mean age of the eight subjects was 35.38 ± 3.59 years; 
BMI 23.68 ± 1.15 kg∙m-2, weight 71.4 ± 9.5 kg and height 
1.77 ± 0.06 m.

CRITICAL FLICKER FUSION FREQUENCY

The evolution of CFFF during and after the dive is illustrated 
in Figure 2. When breathing air, each single measurement 
is statistically different from the baseline (one-sided t-test 
P < 0.01 or lower), while with EANx, only the first 
measurement is statistically different from baseline (one 
sample t test, P <0.0001). When breathing air, there was 
an increase in CFFF when arriving at maximal pressure 
(104 ± 9.8 % of baseline) followed 15 min later by a decrease 
(95 ± 4.6 % of baseline). This impairment in CFFF persisted 
when surfacing (97 ± 3.5 % of baseline) and 30 min after 
surfacing, being still decreased to 97 ± 3.8 % compared 
to the pre-dive CFFF (100 %). When breathing EANx, 
similar changes were seen, with an increase (113 ± 7.1 % 
of baseline) followed by a decrease. However, this decrease 
was followed by a return back to baseline (99 ± 3.3%).

Repeated measures ANOVA followed by paired t-tests 
with a Bonferroni adjustment demonstrated a statistical 
difference between the first and second measurement at 
'depth' in both conditions (P < 0.001, F (9, 171) = 16.6), but 
no statistical difference between the following measurements 
(P > 0.05). A two-way ANOVA analysis shows that gas 
accounted for 11.6% of the total variance (P = 0.0001,
F (1.56) = 17) while time accounted for 47% of the total 
variance (P < 0.0001, F (3.56) = 23.15). Gas mix had the same 
effect at all time values as interaction accounted for a mere 3% 
of the total variance (P = 0.218, F (3.56) = 1.52).

Figure 2
Percentage variation of CFFF during and after a dry chamber 
dive for 22 minutes at 0.4 MPa (4 ATA) breathing either air or 
enriched-air nitrox (EANx); pre-dive values normalized to 100%; 
each subject is compared to his own pre-dive value; ** P < 0.01; 
*** P < 0.001; ns − not significant (n = 8, means and SDs shown)
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PSYCHOLOGY EXPERIMENT BUILDING LANGUAGE

PEBL results have already been published in detail elsewhere.3  
For all three tests (maths-processing, trail-making and 
perceptual vigilance) the error rates were stable throughout 
the whole experiment for both gas mixes. After an initial 
improvement in the times to complete the three tasks there 
were progressive deteriorations (increased time to complete) 
that lasted up to the 30-min post-dive test. The magnitude of 
CFFF changes and the times to completion in both the maths-
processing and trail-making tasks were inversely correlated 
with air (Pearson r -0.90 and -0.86 respectively, P < 0.0001 

in both tests; Figure 3A) and with EANx (Pearson r -0,91, 
P < 0.0001 in both tests; Figure 3B). This relation is further 
confirmed by linear regression (Figure 3).

NEAR-INFRARED SPECTROSCOPY

Arrival at maximal pressure is associated with a significant 
brain activation while breathing EANx was characterized 
by an increase in HbO

2
 (2619 ± 590%, P < 0.001) and a 

simultaneous decrease in HHb (550 ± 253%, P = 0.027). 
These results are, by definition, associated with brain 
activation.19  Similar activation is present while breathing 
air (HbO

2
 354 ± 154% increase; HHb 836 ± 225% 

decrease). However, only the decrease of HHB is significant
(P < 0.01, F (15, 72) = 1.377). The difference between 
the two gases is significant, EANx being associated with 
greater brain activation than air (ANOVA, P = 0.038,
F (3, 19) = 0.785). Data collection beyond the measurements 
at depth was incomplete owing to a technical problem related 
to the Nimo Device buffer memory, with a loss of almost 
40% of the data for the 30-min post dive measurement. 
Whilst there appears to be a trend thereafter characterized by 
a progressive return to baseline followed by brain inhibition, 
these data are not reported, only the two observations at 
depth being shown in Figure 4. The TOI remained stable 
throughout the experiment (Air: 2.22 ± 1.3 μM; EANx 2.89 
± 4 μM, P = 0.343).

ULTRASONIC MONITORING AND HAEMODYNAMICS

Precordial cardiac echography at 30 min post dive failed 
to demonstrate any bubble production (Grade 0, Brubakk-

Figure 3
Correlation calculation and linear regression of the magnitude of CFFF change and time to complete in a math processing and a trail-

making task during air (A) or enriched-air nitrox (EANx) (B) breathing under pressure (0.4 MPa)

Figure 4
Variation of HbO

2
 and HHb under pressure (0.4 MPa); pre-dive 

values normalized to 100%; each subject is compared to his 
own pre-dive value; * P < 0.05; ** P < 0.01; *** P < 0.001;

(n = 8, means and SDs shown)
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Eftedal classification21). Heart rate and mean blood pressure 
were essentially identical for the two dives (P = 0.99, 
ANOVA, F (5, 33) = 0.03).

Discussion

Since IGN can eventually lead to unconsciousness, there is 
a need for underwater neurocognitive performance testing 
to identify pre-symptomatic cognitive impairment, affording 
the diver at depth a tool to improve their safety. This is 
especially true since subjective assessment (metacognition) 
does not meet the criteria of reliability3 or alternatively 
does not guarantee proper implementation of appropriate 
goal-directed behaviour/coping strategies.5  To investigate 
such a tool, one needs to assume a correlation between 
cognitive performance, measured with task performance 
such as mental arithmetic, memory, reaction time or manual 
dexterity (PEBL in this study) with physiological indexes 
that more accurately monitor mental workload/arousal 
(CFFF in this study). This correlation has already been 
demonstrated under normobaric conditions.13  In the present 
study, the regression graph also shows a significant inverse 
correlation between CFFF and the time to completion of 
the chosen PEBL tasks under hyperbaric conditions. This 
correlation should come as no surprise, as a recent study 
using event-related brain potentials as indicators of the 
use of cognitive control, demonstrated that arousal has the 
potential to influence both proactive (active maintenance 
of contextual information to optimally bias attention, 
perception and action systems in a goal-driven manner) 
and retroactive control (retrieval of context information 
mobilized only as needed, especially after detection of a 
high interference event).22  High arousal has been reported 
to decrease proactive control and increase reactive control 
compared to low arousal.22

Altogether, this suggests that these tests (PEBL and CFFF) 
might be considered comparable in providing assessment 
of cortical functions in both conditions, air and EANx. 
One study demonstrated that CFFF was a unique predictor 
of executive function across different age groups (means 
21.7 vs. 72.4 years) and accounted for unique variance in 
performance above and beyond age and global cognitive 
status.23  Nonetheless, even if there were a direct relationship 
between cortical arousal as measured by CFFF and cognitive 
performance, there is ample evidence of the nonlinear 
(inverted U-shape) relationship between arousal and 
cognitive performance (Yerkes-Dodson Law24), predicting 
declining performance at higher than optimal arousal levels, 
particularly in more complex cognitive tasks.25  However, 
this should not be seen as a limitation in the case of scuba 
diving as arousal and cognitive performance deteriorate 
progressively during exposure to pressure rather than 
improving.

Although, the understanding of the result is simple: the lower 
the CFFF threshold, the lower the cerebral arousal, some 

limitations might apply. Indeed, since CFFF measurements 
are influenced by many factors (intensity of ambient 
light, flicker frequency modulation, the amplitude of the 
modulation, the average intensity of the illumination, the 
wavelength or colour of the LED and the position of the 
stimulus on the retina), no conclusions can be made on 
absolute values, hence the choice of assessing the magnitude 
of change. This also implies that this method, in its present 
form, is only suitable for studies where each candidate 
is his own control. Moreover, to compare studies or start 
multicentre experiments, a standardised, easily available 
device is required, which is lacking currently.

Because a small cohort was used, further research is needed 
to identify a clinically relevant cut-off for CFFF, namely 
a variation value, individually parameterized, indicating 
a cognitive impairment incompatible with safety of the 
monitored diver. Once identified, this cut-off could be 
implemented in a robotic system such as the ROAD project 
(Robotics for Assisted Diving)26 or the CADDY project 
(Cognitive Autonomous Diving Buddy),27 which aims to 
develop an intelligent system able to supervise in a semi-
automatic way the activities performed by underwater 
operators. This would allow, as in other situations where 
safety is of concern, reliable monitoring and assessment of 
the current status and performance of operational divers.

The observed changes are characterized by an initial 
increase of cerebral arousal when arriving at 0.4 MPa, which 
is followed 15 min later by a progressive deterioration. 
However, although similar in form, there was a significant 
difference between the two gases, EANx being associated 
with greater brain activation than air and likely less late- 
dive/post-dive impairment. Therefore, we hypothesized 
that a higher fraction of inspired oxygen (EANx40,
PO

2
 = 162 kPa; air, PO

2
 = 81 kPa at 0.4 MPa) had a beneficial 

effect on arousal and cognitive performance. Indeed, short-
term normobaric O

2
 (maximum 101 kPa O

2
) influenced 

cognitive abilities such as memory, visuospatial and verbal 
abilities in a positive manner,28 whilst functional MRI studies 
have demonstrated that normobaric hyperoxia (30 kPa O

2
) 

during verbal or visual tasks increases the activation of brain 
areas associated with cognitive processing.29

In divers, an association between changes in response times 
and changes in CFFF suggest that divers susceptible to IGN 
may also be susceptible to the effects of elevated PO

2
.30  Also, 

even a small reduction in PN
2
, associated with a conservative 

dive profile, resulted in a modest beneficial effect of EANx28 
(28% O

2
–72% N

2
) on performance that may contribute to 

diving safety.31  This hypothesis is supported by the NIRS 
measurements, although it could be argued that these results 
do not correspond to cerebral activation but to a variation in 
haemodynamics. However, measurements of blood pressure 
and heart rate did not vary throughout or between the two 
dives.
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Since the TOI remained stable throughout the experiment, 
this indicates that total haemoglobin was neither increased 
nor decreased, which, in the absence of variation in total 
blood volume, means that cerebral haemodynamics 
remained constant. The ‘oxygen hypothesis’ (above) is also 
consistent with experimental models of neurotransmission. 
Although the exact mechanisms are still debated, based on 
animal studies on neurochemical data on IGN,6 it is now 
accepted that inert gases exert their effects by influencing 
the synthesis, secretion and recapture of neurotransmitters, 
mainly dopamine, glutamate and gamma-aminobutyric 
acid (GABA),6 whilst O

2
 facilitates nerve conduction and 

interacts with GABA neurotransmission.32  Recent data 
obtained from trainee pilots using magnetic resonance 
spectroscopy demonstrated that higher striatal concentrations 
of GABA and glutamate/glutamine were related to superior 
performance in action control allowing differentiation 
between high and normal performers.33

However, given the available data on the subject, it would 
be an error to consider that O

2
 only elicits brain activation. 

According to one study, the effects on neuronal excitability 
measured by CFFF of changes in PO

2
 could be dose-

dependent.34  Oxygen at 93 kPa resulted in partial recovery 
of motor and memory reaction times in some hyperbaric 
conditions while caused incapacitation with amnesia in 
others.35  In this latter study, even high PN

2
 (up to 0.57 

MPa) was well tolerated providing neither hypercapnia nor 
hyperoxia were present. These findings and those from the 
present study are not mutually exclusive, despite differences 
in study protocols (e.g., exercise vs. at rest). Given these 
limitations, future research should combine a computer-
based approach (which is now possible underwater9) 
with objective measurements such as CFFF to study the 
effects of different inspired gas mixes on human cognitive 
performance and brain cortical function.

Conclusions

Under hyperbaric conditions, CFFF testing provided 
a global assessment of cerebral arousal/workload and 
correlated with some psychometric tests from the PEBL. 
CFFF could provide a convenient measure of cognitive 
performance/abilities in extreme environments and is 
simple to use.  However, some limitations may apply, and 
confounding factors need to be controlled to ensure accuracy 
of the measurement. Oxygen appeared to be an important 
modulator of IGN. In accordance with the neurochemical 
theory of IGN, the net effect on cerebral performance 
appears to depend on a balance between the activating 
effects of O

2
 and the inhibitory effects of N

2
. However, other 

factors, such as carbon dioxide retention may be important 
and require further study.
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Abstract
(Hoencamp E, van Dongen TTCF, van Ooij PJAM, Wingelaar TT, Vervelde ML, Koch DAA, van Hulst RA, Hoencamp 
R. Systematic review on the effects of medication under hyperbaric conditions: consequences for the diver. Diving and 
Hyperbaric Medicine. 2019 June 30;49(2):127–136. doi: 10.28920/dhm49.2.127-136. PMID: 31177519.)
Background: Physiological changes are induced by immersion, swimming and using diving equipment. Divers must be fit 
to dive. Using medication may impact the capacity to adapt to hyperbaric conditions. The aim of this systematic review is 
to assess the interaction of diving/hyperbaric conditions and medication and to provide basic heuristics to support decision 
making regarding fitness to dive in medicated divers.
Methods: This was a systematic review of human and animal studies of medications in the hyperbaric environment. 
Studies were subdivided into those describing a medication/hyperbaric environment interaction and those concerned with 
prevention of diving disorders. Studies without a relation to diving with compressed air, and those concerning oxygen 
toxicity, hyperbaric oxygen therapy or the treatment of decompression sickness were excluded.
Results: Forty-four studies matched the inclusion criteria. Animal studies revealed that diazepam and valproate gave limited 
protection against the onset of the high-pressure neurological syndrome. Lithium had a protective effect against nitrogen-
narcosis and losartan reduced cardiac changes in repetitive diving. Human studies showed no beneficial or dangerous 
pressure-related interactions. In prevention of diving disorders, pseudoephedrine reduced otic barotrauma, vitamins C and 
E reduced endothelial dysfunction after bounce diving and hepatic oxidative stress in saturation diving.
Discussion and conclusions: Animal studies revealed that psycho-pharmaceuticals can limit the onset of neurologic 
symptoms and cardiovascular protective drugs might add a potential protective effect against decompression sickness. No 
evidence of significant risks due to changes in pharmacologic mechanisms were revealed and most medication is not a 
contraindication to diving. For improving decision making in prescribing medicine for recreational and occupational divers 
and to enhance safety by increasing our understanding of pharmacology in hyperbaric conditions, future research should 
focus on controlled human studies.

Introduction

Scuba diving is an increasingly popular sport with more 
than 15 million divers worldwide completing more than 250 
million dives per year.1  Certification for scuba diving can be 
obtained through diving certification organizations. These 
include, for example, the Professional Association of Diving 
Instructors (PADI) and Scuba Schools International (SSI). 
This certification typically involves online classes, classroom 
instruction, pool practice and open-water training. Since 
physiological changes are induced by immersion, swimming 

and using special equipment during diving, divers must be 
fit to dive.2,3  The laws of physics that are important to take 
into consideration while diving are Boyle’s law, Henry’s law 
and Dalton’s law. These laws provide explanations for the 
possible occurrences of barotrauma, decompression sickness 
(DCS), nitrogen narcosis and oxygen toxicity, amongst other 
pathophysiological impacts of the underwater environment.4  
Although the hazards of diving are principally identical for 
sport, commercial and military divers, the risks may vary 
depending on the varying diving procedures and equipment 
used. Appropriate training, skills and equipment can aid in 
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reducing the risk of diving and, depending on jurisdictions, 
regular medical assessment is required before diving.

Medical disorders or use of medication may have an impact 
on the capacity to adapt to hyperbaric conditions and could 
affect medical fitness to dive.5  Illnesses, such as asthma 
or epilepsy, require a medical clearance. However, in most 
cases, evidence of causality is absent and it is not always 
straightforward to predict the effect of medication on 
cognitive and physical functioning in hyperbaric conditions. 
General health, specifics of the disorder, medication 
interaction and the hyperbaric conditions are all factors in 
this assessment process. Obviously, regulations concerning 
commercial divers are stricter, and illnesses prior to a 
diving career are a stronger contraindication than onset 
during a diving career. Many protocols have been written 
for selecting humans for work under hyperbaric conditions 
or (recreational) diving, however robust evidence to guide 
practice is limited.6–7

The primary aim of this systematic review of the current 
human and animal study literature was to assess the 
interactions between the hyperbaric environment and 
medications. The secondary aim was to provide a heuristic 
approach to support decision making regarding physical 
fitness for occupational health under hyperbaric conditions 
and (recreational) diving.

Methods

PROTOCOL

The protocol for objectives, literature search strategies, 
inclusion and exclusion criteria and outcome measurements 
was prepared a priori, according to the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses 
(PRISMA)8 statement and is described in this section.

LITERATURE SEARCH STRATEGY

This systematic review sought human and animal studies 
investigating pharmacodynamic/kinetic effects of the 
hyperbaric environment on medications or the effects of 
medications used while diving on the risk of diving disorders. 
An electronic database search of PubMed, Medline, Embase 
Science Citation Index Expanded, the Web of Science 
and World Wide Web search (key words '(scuba) diving', 
'hyperbaric', 'medication', 'drugs') was performed up to 
16 February 2018. These databases were searched for articles 
published using the medical subject headings (MeSH) 
or entry terms from Table 1. We focused on the disease 
entities and most common pharmacological agents. Studies 
pertaining to the treatment of decompression sickness 
(DCS), oxygen toxicity and hyperbaric oxygen therapy were 
excluded from this review because of the different objectives 
and subject inclusion methods of these studies.

The reference lists from the included studies were searched 

to identify additional studies. Two authors (TCFvD, EH) 
independently identified the studies for inclusion and 
exclusion and extracted the data. Any inconsistencies 
between the authors were discussed until consensus was 
reached. The accuracy of the extracted data was further 
confirmed by the senior author (RAvH).

QUALITY ASSESSMENT

Studies were rated on the level of evidence provided 
according to criteria by the Centre for Evidence Based 
Medicine in Oxford. The methodological quality of 
observational comparative studies was assessed by the 
modified Newcastle-Ottawa Scale.9,10

Results

PRISMA FLOWCHART

The PRISMA flowchart quantitatively illustrates the 
search through to the final studies included in this review 
(Figure 1). The 44 included studies were subdivided between 
human and animal studies and further subdivided into two 
topics, being (1) medication and hyperbaric interaction, and 
(2) prevention of diving disorders.

MEDICATION AND HYPERBARIC INTERACTION

Table 1 shows the results of the human studies concerning 
interaction of drugs and hyperbaric pressure. Pharmacologic 
agents studied were aspirin, dipyridamole, scopolamine, 
clemastine, pseudoephedrine, dimenhydrinate, cyclizine, oral 
contraceptives, bleomycin and psychotropic drugs. Aspirin 
and dipyridamole accounted for some beneficial physiologic 
changes at a cellular level (preservation of platelet numbers) 
compared to a placebo following saturation dives.11,12  No 
pressure-related interactions were found. No significant 
effects on diver performance from transdermal scopolamine 
were seen. Aggravation of mild symptoms of dry mouth 
and blurred vision compared to placebo was reported.13,14  
Dimenhydrinate adversely effected mental flexibility at 
depth.15  Cyclizine had a potential small adverse effect on 
grammatical reasoning, which is increased at depth, but had 
no effect on a manual task.16  These effects on various aspects 

('Diving' [MeSH] OR 'dive' [tw] OR 'diving' [tw] OR 'diver' 
[tw] OR 'divers' [tw] OR 'scuba' [tw] OR 'hyperbaric' [tw] 
OR 'deep sea' [tw] OR 'aquanaut' [tw] OR 'aquanauts' [tw] 
OR 'frogman' [tw] OR 'frogmen' [tw]) AND 'Drug Therapy' 
[MeSH] OR 'drug' [tw] OR 'drugs' [tw] OR 'medication' 
[tw] OR 'medications' [tw] OR 'Pharmacological Actions 
Category' [MeSH] OR 'Pharmaceutical Preparations'  
[Mesh] OR 'pharmaceuticals' [tw] OR 'medicament' [tw] 
OR 'medicaments' [tw] OR 'pharmacological' [tw])

Table 1
Search PUBMED
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of diver performance, especially at depth, could possibly 
contribute to cyclizine worsening the risks of diving.17  For 
all other agents studied, no beneficial or dangerous direct 
pressure-related interactions were found.18–21

Several animal studies showed significant beneficial effects 
of pharmacologic agents when animals were exposed to 
hyperbaric conditions (Table 2). Diazepam and valproate 
reduced the severity of the high-pressure nervous syndrome 
(HPNS) at depths beyond 150 metres’ sea water (msw) in 
rats and baboons.22,23  Lithium provided some protection 
against nitrogen narcosis in rats.24  Lastly, losartan prevented 
deleterious changes in cardiac function seen after repeated 
hyperbaric exposures in rats.25 

Conversely, some studies showed significant adverse 
effects. Sildenafil use showed an increased incidence of 
DCS combined with an exacerbated reduction in platelet 
numbers after hyperbaric exposure.26  The antibiotics 
benzyl-penicillin, gentamycin and rifampicin were less 
effective at simulated depth.27,28  Finally, lithium significantly 
potentiated the onset and severity of HPNS symptoms.24  
Studies of the use of salicylate, theophylline, meperidine, 
pentobarbital, and non-competitive N-methyl-D-aspartate 
receptor (NMDA) receptor antagonists did not show an 
interaction between the pharmacologic agents and the 
hyperbaric environment.29–34

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1
Literature search flow chart on the effects of medications under hyperbaric conditions



Diving and Hyperbaric Medicine  Volume 49 No. 2 June 2019130

Ta
bl

e 
1

In
te

ra
ct

io
n 

of
 h

yp
er

ba
ri

c 
pr

es
su

re
 a

nd
 th

e 
us

e 
of

 p
ha

rm
ac

ol
og

ic
 a

ge
nt

s 
in

 h
um

an
 s

tu
di

es
; A

TA
 −

 a
tm

os
ph

er
es

 a
bs

ol
ut

e 
pr

es
su

re
; D

C
T

 −
 d

ec
om

pr
es

si
on

 ti
m

e;
 L

oE
 −

 le
ve

l o
f 

ev
id

en
ce

; M
T

C
 −

 m
eg

a 
th

ro
m

bo
cy

te
; n

 −
 n

um
be

r;
 O

W
(H

L
) 

−
 o

pe
n 

w
at

er
 (

H
yd

ro
la

b)
; P

C
 −

 p
re

ss
ur

e 
ch

am
be

r;
 R

B
C

 −
 r

ed
 b

lo
od

 c
el

l c
ou

nt
; r

es
p 

−
 r

es
pi

ra
to

ry
; V

K
74

4 
−

 a
na

lo
gu

e 
of

 d
ip

yr
id

am
ol

e

R
ef

er
en

ce
n

D
ru

g
C

on
tr

ol
Pr

es
su

re
 

(A
TA

)
B

ot
to

m
 ti

m
e

L
oc

at
io

n
B

lin
de

d
O

ut
co

m
e

R
es

ul
ts

L
oE

12
20

A
sp

iri
n

Pl
ac

eb
o

2.
4

60
 h

O
W

(H
L)

Ye
s

Pl
at

el
et

 c
ou

nt
R

ed
uc

ed
 p

la
te

le
ts

 in
 

co
nt

ro
l g

ro
up

Ib

12
12

V
K

74
4

(d
ip

yr
id

am
ol

e)
Pl

ac
eb

o
2.

4
5 

da
ys

(in
cl

. D
C

T)
O

W
(H

L)
Ye

s
Pl

at
el

et
 c

ou
nt

G
re

at
er

 e
le

va
tio

n 
of

 
M

TC
 in

 V
K

74
4;

 re
du

ce
d 

pl
at

el
et

s i
n 

co
nt

ro
l g

ro
up

Ib

11
24

A
sp

iri
n;

D
ip

yr
id

am
ol

e
Pl

ac
eb

o
2.

8
48

 h
PC

Ye
s

Pl
at

el
et

 c
ou

nt
 

an
d 

fu
nc

tio
n

R
ed

uc
ed

 p
la

te
le

ts
 in

 
di

py
rid

am
ol

e 
an

d 
co

nt
ro

l 
gr

ou
ps

Ib

13
10

Sc
op

ol
am

in
e

Pl
ac

eb
o

2.
8

5.
5 

da
ys

PC
Ye

s
C

og
ni

tiv
e

N
o 

si
gn

ifi
ca

nt
 e

ffe
ct

s
Ib

14
24

Sc
op

ol
am

in
e

Pl
ac

eb
o

4.
8

11
 m

in
PC

Ye
s

C
og

ni
tiv

e
N

o 
si

gn
ifi

ca
nt

 e
ffe

ct
s

Ib

21
10

2
C

le
m

as
tin

e
fu

m
ar

at
e

Pl
ac

eb
o

6.
1

20
 m

in
PC

Ye
s

C
og

ni
tiv

e
N

o 
si

gn
ifi

ca
nt

 e
ffe

ct
s

Ib

15
30

Ps
eu

do
ep

he
dr

in
e;

 
D

im
en

hy
dr

in
at

e
Pl

ac
eb

o
3.

0
30

 m
in

PC
Ye

s
C

og
ni

tiv
e

Ps
eu

do
ep

he
dr

in
e 

ni
l 

eff
ec

ts
; d

im
en

hy
dr

in
at

e 
re

du
ce

d 
pe

rf
or

m
an

ce
Ib

17
24

Ps
eu

do
ep

he
dr

in
e;

C
yc

liz
in

e
Pl

ac
eb

o
4.

0
5 

m
in

PC
Ye

s
C

og
ni

tiv
e

Ps
eu

do
ep

he
dr

in
e 

ni
l 

eff
ec

ts
; c

yc
liz

in
e 

re
du

ce
d 

pe
rf

or
m

an
ce

Ib

18
30

O
ra

l
co

nt
ra

ce
pt

iv
es

N
on

e
3.

5
25

 m
in

O
W

N
o

B
ub

bl
e 

pr
od

uc
tio

n
N

o 
di

ffe
re

nc
es

IV

19
1

B
le

om
yc

in
N

on
e

M
ul

tip
le

M
ul

tip
le

O
W

N
o

R
es

p.
 d

is
tre

ss
 o

r 
fa

tig
ue

N
o 

co
m

pl
ic

at
io

ns
V

20
1,

60
8

Ps
yc

ho
tro

pi
c

dr
ug

s
N

on
e

(s
ur

ve
y)

M
ul

tip
le

U
nk

no
w

n
O

W
N

o
N

ar
co

si
s 

(s
ev

er
e)

N
o 

si
gn

ifi
ca

nt
 e

ffe
ct

s
II

b



Diving and Hyperbaric Medicine  Volume 49 No. 2 June 2019 131

R
ef

er
en

ce
n

Ty
pe

D
ru

g
C

on
tr

ol
 

(1
 A

TA
)

Pr
es

su
re

 
(A

TA
)

B
ot

to
m

 
tim

e 
(h

)
L

oc
at

io
n

B
lin

de
d

O
ut

co
m

e
R

es
ul

ts
L

oE

29
13

8
R

at
s

Sa
lic

yl
at

e
1*

9
3.

5
PC

Ye
s

A
nt

i-p
yr

et
ic

 e
ffe

ct
N

o 
in

te
ra

ct
io

n
Ib

28
U

SA
, E

C
A

nt
ib

io
tic

s
1

M
ul

tip
le

16
O

W
N

/A
A

nt
ib

io
tic

 e
ffi

ca
cy

In
cr

ea
se

d 
M

IC
: p

en
ic

ill
in

 
fo

r S
A

II
b

24
40

R
at

s
Li

th
iu

m
1*

19
.2

N
R

PC
Ye

s
N

2 n
ar

co
si

s
H

PN
S

R
ed

uc
ed

 n
ar

co
si

s;
 

po
te

nt
ia

tio
n 

of
 H

PN
S

Ib

22
78

R
at

s
D

ia
ze

pa
m

1
90

2.
5

PC
N

R
A

ne
st

he
tic

 a
nd

 
an

tic
on

vu
ls

iv
e 

eff
ec

t; 
H

PN
S

Pr
ev

en
tio

n 
of

 c
on

vu
ls

io
n;

 
re

du
ct

io
n 

of
 H

PN
S

II
b

30
U

D
og

s
Th

eo
ph

yl
lin

e
1

6
U

PC
N

o
Ph

ar
m

ac
ok

in
et

ic
s

N
o 

ch
an

ge
s

II
b

31
U

D
og

s
M

ep
er

id
in

e
1

6
U

PC
N

o
Ph

ar
m

ac
ok

in
et

ic
s

N
o 

ch
an

ge
s

II
b

33
U

D
og

s
Pe

nt
ob

ar
bi

ta
l

1
6

U
PC

N
o

Ph
ar

m
ac

ok
in

et
ic

s
N

o 
ch

an
ge

s
II

b

32
U

D
og

s
Sa

lic
yl

at
e

1
6

U
PC

N
o

Ph
ar

m
ac

ok
in

et
ic

s
In

cr
ea

se
d 

cl
ea

ra
nc

e 
at

 2
.8

 
AT

A
 a

nd
 1

00
%

 O
2

II
b

23
8

B
ab

oo
ns

So
di

um
 

va
lp

ro
at

e
* 

on
ly

61
5

PC
Ye

s
Eff

ec
t o

n 
H

PN
S

R
ed

uc
ed

 se
ve

rit
y

Ib

34
25

R
at

s
N

M
D

A
 

an
ta

go
ni

st
s

1*
til

l o
ns

et
 

H
PN

S
se

ve
ra

l
PC

N
R

Eff
ec

t o
n 

H
PN

S
Li

ttl
e 

or
 n

o 
eff

ec
t

Ib

27
U

SA
, E

C
, 

Sa
lm

.
A

nt
ib

io
tic

s
1

36
; 7

1
18

PC
N

/A
A

nt
ib

io
tic

 e
ffi

ca
cy

In
cr

ea
se

d 
M

IC
: p

en
ic

ill
in

 
fo

r S
A

; g
en

ta
m

yc
in

 a
nd

 
rif

am
pi

ci
n 

fo
r E

C
 +

 S
al

m
II

b

25
19

R
at

s
Lo

sa
rta

n
1*

5
30

 m
in

 x
 

40
 d

PC
N

R
C

ar
di

ac
 fu

nc
tio

n
Pr

ev
en

tio
n 

of
 c

ha
ng

e
Ib

26
67

M
ic

e
Si

ld
en

afi
l

* 
on

ly
10

.2
45

 m
in

PC
Ye

s
D

C
S

In
cr

ea
se

d 
in

ci
de

nc
e

Ib

Ta
bl

e 
2

In
te

ra
ct

io
n 

of
 h

yp
er

ba
ri

c 
pr

es
su

re
 a

nd
 th

e 
us

e 
of

 p
ha

rm
ac

ol
og

ic
 a

ge
nt

s 
in

 a
ni

m
al

 s
tu

di
es

; A
TA

 −
 a

tm
os

ph
er

es
 a

bs
ol

ut
e 

pr
es

su
re

; 1
 A

TA
 −

 c
on

tr
ol

 g
ro

up
 h

ad
 d

ru
g 

bu
t r

em
ai

ne
d 

at
 1

 A
TA

; *
 d

en
ot

es
 

an
 a

dd
iti

on
al

 c
on

tr
ol

 g
ro

up
 w

ith
ou

t 
dr

ug
 b

ut
 a

t 
te

st
 p

re
ss

ur
e;

 ;
 D

C
S 

−
 d

ec
om

pr
es

si
on

 s
ic

kn
es

s;
 E

C
 −

 E
sc

he
ri

ch
ia

 c
ol

i; 
H

e 
−

 h
el

iu
m

; 
H

PN
S 

−
 h

ig
h-

pr
es

su
re

 n
er

vo
us

 s
yn

dr
om

e;
 L

oE
 −

 l
ev

el
 o

f 
ev

id
en

ce
; M

IC
 −

 m
in

im
um

 in
hi

bi
to

ry
 c

on
ce

nt
ra

tio
n;

 M
K

-8
01

 −
 d

iz
oc

ilp
in

e;
 n

 −
 n

um
be

r;
 N

2 
−

 n
itr

og
en

; N
A

 −
 n

ot
 a

pp
lic

ab
le

; N
R

 −
 n

ot
 r

ep
or

te
d;

 P
C

 −
 p

re
ss

ur
e 

ch
am

be
r;

 P
C

P 
−

  p
he

nc
yc

lid
in

e;
 

SA
 −

 S
ta

ph
yl

oc
oc

cu
s 

au
re

us
; S

al
m

 −
 S

al
m

on
el

la
 s

p;
 S

K
F 

−
 a

la
zo

ci
ne

; U
 −

 u
nk

no
w

n



Diving and Hyperbaric Medicine  Volume 49 No. 2 June 2019132

PHARMACOLOGICAL AGENTS IN PREVENTION OF 
DIVING DISORDERS

In human studies investigating protective effects of 
medications on diving disorders, pseudoephedrine, the 
anti-oxidants vitamin C and E and statins were tested (Table 
3). The use of pseudoephedrine resulted in fewer otologic 
barotrauma symptoms in comparison to placebo.35  In one 
study vitamins C and E showed reversal of brachial artery 
endothelial dysfunction, potentially diminishing bubble 
formation.36  Statins did not reduce post-dive bubble 
formation.37  Antioxidants (vitamins C, E and tea catechins) 
reduced hepatic oxidative stress in saturation diving,38 but 
the same vitamins did not improve eustachian tube function 
after oxygen dives.39

Table 4 shows the results of pharmacologic DCS prevention 
in animal studies. When used before hyperbaric exposure, 
clopidogrel,40 cyproheptadine,41 dimethothiazine,42  aspirin 
and levodopa,43 and escin44 showed a significant reduction 
of mortality and incidence of DCS. Combined use of aspirin 
with levodopa had an added beneficial effect.  A significantly 
decreased incidence of DCS and reduction of symptoms was 
seen with fluoxetine, abciximab, hydrogen enriched saline 
and simvastatin.45–48  A beneficial effect on DCS symptoms 
was seen also with dibutyryl cAMP49 and cyclohexanone 
(with decompression beyond normobaric pressure to an 
equivalent of 26,000 feet).50  Pre-treatment with terbutaline, 
heparin, superoxide dismutase, catalase  or amphetamine 
exhibited no relevant effects.51–53  The anti-depressant spadin, 
a sortilin-derived peptide, was the only medication that 
showed a negative effect in a simulated diving study, with 
increased susceptibility to neurologic DCS symptoms.54

Discussion

GENERAL

Animal studies revealed that slight benefits might be expected 
from some psychopharmaceutic agents against the onset of 
HPNS symptoms.22–24  Also, several cardiovascular drugs 
could add a potential protective effect against DCS.40,43,46,48  
However, these pharmacologic agents were tested on small 
mammals. Studies using dogs were specifically aimed at 
pharmacokinetics of drugs under hyperbaric conditions.30–33  
Apart from an increased clearance of salicylate at depth, 
these studies did not reveal significant pharmacokinetic 
changes due to hyperbaric conditions. In contrast to the 
protective effect of theophylline found in guinea pigs,55 
a study in dogs  showed that the use of a bronchodilator 
(aminophylline) before venous infusion of microbubbles 
resulted in an increased passage of these microbubbles across 
the pulmonary microvasculature.56

Studies of effects of pharmacological agents in hyperbaric 
conditions in humans are scarce. This is not surprising 
given the ethical considerations. Available studies showed 
few major effects of pharmacological agents in hyperbaric 
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conditions. Most evidence was gained through animal 
experiments with often extreme diving profiles (to provoke 
bubble formation). Extrapolation of animal studies to 
humans should be done with caution.57

Human studies are needed to examine whether the 
medications or vitamins used in the animal studies will 
have beneficial or harmful effects for healthy divers in wet 
circumstances. Besides the pharmacological effect, diving 
with medication affecting cardiovascular responses should 
be undertaken cautiously, lest there be unintended effects 
on  life-threatening conditions such as immersion pulmonary 
oedema.58–60  Immersion alters the balance between the 
sympathetic and parasympathetic nervous systems, thus 
affecting the responses to many physiological processes.61,62  
However, most research was conducted in recompression 
chambers, where subjects are exposed to hyperbaric pressure 
without immersion in water. These so called ‘dry-dives’ 
simulate hyperbaric conditions and accompanying hyperoxia 
or increased uptake of inert gases, but do not simulate 
immersion, hypothermia or the increased workload of fin 
swimming. Results from dry-dives should be interpreted 
cautiously when assessing the effects of pharmacologic 
interventions in scuba diving.

FITNESS TO DIVE

The primary aim of this systematic review was the 
assessment of available evidence on the effects of hyperbaric 
circumstances on use of medication, thereby enhancing 
heuristics supported by evidence-based medicine in the 
assessment of fitness to dive. Based on the outcomes of this 
study, being physically fit to dive remains the cornerstone 
of medical diving clearance. This judgment is often based 
on assumptions and risk analysis, when the risk is not 
easily assessed. In the medical examination of a diver, an 
understanding of the effects of medication, the disease being 
treated and the impact that the hyperbaric environment might 
have on both is essential. Any serious symptoms of illness or 
side effects of medication under normobaric circumstances 
are potentially a valid reason for rejection.

ENVIRONMENTAL AND HYPERBARIC CONDITIONS

Environmental conditions during a dive vary enormously, 
from relaxed scuba diving in calm, warm, shallow tropical 
waters, to professional divers at extreme depth for several 
weeks (i.e., saturation diving). Conditions can deteriorate 
rapidly, caused by change in the environment (waves, 
currents), technical apparatus malfunctions or problems 
with a diving buddy. In all these situations it becomes a 
challenge to adapt oneself physically and mentally to the 
new circumstances.

Apart from diving medical clearance, an individual diver 
should answer the following key questions before every dive:
• Is my physical condition sufficient to cope with the 

required strain?

• Am I mentally prepared to cope with the demanding 
situation?

• Do I (and my buddy) possess the skills for this activity?
Thus, a tailored assessment that encompasses more than 
medical conditions and medications is required. A diving 
medical clearance which imposes depth limitations is 
unjustified as circumstances can change rapidly.

LIMITATIONS

To our knowledge, this is the first systematic review focusing 
on the effects of the hyperbaric environment on medication, 
and the effects of medication on diving disorders. However, 
any conclusions are substantially limited by the poor 
quality of the available evidence. According to the Quality 
Assessment there is a risk of bias in most of the included 
animal studies. Also, protocols vary between studies, making 
it harder to compare them in a meta-analysis. Different 
hyperbaric pressures or lengths of exposure might influence 
the outcome. Furthermore, most studies used dry dives, 
whilst immersion is essential for a proper judgement of the 
effects of medication on safety during diving.

Conclusion

This systematic review revealed no evidence of significant 
risks due to changes in pharmacologic mechanisms in 
the hyperbaric environment. However, it is unlikely that 
hyperbaric conditions diminish any risks of medication 
encountered in non-hyperbaric conditions. Regarding 
prevention or treatment of DCS, pharmacologic agents 
targeted at cardiovascular diseases like aspirin, losartan, 
clopidogrel or simvastatin could add a potential protective 
effect although evidence is limited. The anti-depressant 
fluoxetine may also warrant further investigation. For 
decision making in prescribing medicine for recreational 
and occupational divers and to enhance safety by increasing 
our understanding of pharmacy and diving, future research 
should focus on human studies in submersed circumstances.
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Abstract
(Kot J, Siodalski P, Lenkiewicz E. The Hyperbaric Protective Tube: A housing for a left ventricular assist device (LVAD) 
in a multiplace hyperbaric chamber. Diving and Hyperbaric Medicine. 2019 June 30;49(2):137–140. doi: 10.28920/
dhm49.2.137-140. PMID: 31177520.)
Introduction: During a hyperbaric oxygen therapy (HBOT) session, every medical device that is used within the hyperbaric 
chamber is exposed to several hazards, including an increased ambient pressure and partial pressure of oxygen. In Europe, all 
medical devices marketed and/or sold for use in hyperbaric conditions must be tested by the manufacturer and marked ‘CE’ 
if approved. At the moment, no left ventricular assist device (LVAD) has been formally approved and CE-marked for HBOT.
Case: A 65-year-old male was referred to our Hyperbaric Centre for HBOT due to a persistent life-threating soft tissue 
infection of the non-removable wire connecting the external controller with the pump implanted into the left ventricle of 
the heart (Heartware LVAD). The aim of the intervention reported here was to safely conduct HBOT sessions with this non-
CE marked medical device. After risk analysis, the decision was made to isolate the external part of the LVAD (controller 
and batteries) from the ambient conditions in the hyperbaric chamber by placing it in a pressure-resistant housing that 
was vented to the external atmosphere. The housing, a 'Hyperbaric Protective Tube' was built and tested, and the resulting 
operating procedures were practiced by personnel involved in the patient’s care. Thirty uneventful HBOT standard sessions 
were conducted with subsequent clinical improvement of the soft tissue infection, resulting in an extended timeframe for 
awaiting heart transplantation.
Conclusion: An isolation housing that vents into the dumping system of the hyperbaric chamber allows for the safe use of 
critical medical devices without prior testing for their compatibility with the hyperbaric environment.

Introduction

Due to environmental conditions, mainly pressure and 
oxygen content, the use of medical devices in a hyperbaric 
chamber creates a risk of potential injury to, or even death 
of the patient in the event of a related malfunction and/or 
fire in the confined space. The main hazard intrinsically 
present in every hyperbaric session is the increase of 
ambient pressure and pressure changes during compressions 
and decompressions. This hazard can create the risk of 
malfunction or physical damage to the device. For the most 
critical devices, the clinical consequences to the patient can 
be life-threating.

The increased partial pressure of oxygen, arising from the 
combined fractional amount of oxygen in the hyperbaric air 
and the absolute pressure within the chamber, introduces 
the risk of fire if there is overheating or sparking within the 

device. Even in air-filled chambers, there is a possibility of 
building local ‘oxygen clouds’ due to small, but prolonged 
leakage of oxygen from the breathing units. Paradoxically, 
the risk of an unnoticed local increase in oxygen fraction 
can occur more easily in modern large chambers due to the 
long distance between the leak site (usually the patient’s 
mask) and the oxygen sensor that is usually installed close 
to the chamber’s exhaust. A fire ignited in the oxygen-rich 
environment is a life-threating situation to all chamber 
occupants, as well as chamber operators and external 
bystanders. Detailed reviews of the hazards and risks of 
introducing medical devices into hyperbaric chambers can 
be found in other publications,1,2 or in the descriptive annex 
of the European Norm for multiplace hyperbaric chambers.3

In Europe, all medical devices marketed and/or sold for use 
in hyperbaric conditions must be tested by the manufacturer 
and marked ‘CE’ if approved for specific conditions. At the 
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moment, there are only a few hyperbaric-certified medical 
devices on the market, all of which are used for intensive 
care, including monitors, ventilators and electronic pumps 
and syringe drivers. There is no left ventricular assist device 
(LVAD) which has been formally approved for hyperbaric 
use and CE-marked for those conditions.

In case of the need to expose any non-CE marked medical 
devices to a hyperbaric environment, the medical user 
should perform the risk assessment him or herself and take 
full responsibility for any residual risk created by using 
such a device.4

Aim

A 65-year-old male patient was referred to our hyperbaric 
centre for hyperbaric oxygen treatment (HBOT) to treat a 
persistent soft tissue infection of the non-removable wire 
connecting the external controller of the LVAD (HeartWare 
Inc., Framingham, MA, USA) with the magnetic pump 
implanted into the left ventricle of the heart. The LVAD 
was implanted to enhance left ventricular function which 
was critically impaired by an ischaemic cardiomyopathy. 
The aim was to bridge the patient to heart transplantation. 
Regardless of the good clinical status of the patient, the 
local infection was classified as life-threatening, since there 
was no physical possibility of replacing the line without 
replacing the complete set of implanted parts. The aim of this 
study was to prove that the in-chamber use of encapsulated 
equipment would allow effective function of this medical 
device not approved for hyperbaric exposure.

Methods

The HeartWare LVAD consists of the implanted magnetic 
pump, connection cable and an external controller with a 
power supply comprised of two independent, high-power 
batteries (Figure 1).

The implanted portion was not considered a risk for the 
patient, as it does not have any gaseous closed spaces. On the 
contrary, the external controller with the power supply, which 
cannot be safely disconnected for testing or therapeutic 
purposes, was considered potentially dangerous. 

An extensive literature review was done, and only single-
case reports published on the use of LVADs in patients 
treated with HBOT were found.5–8  In all those cases, the 
manufacturers were included in the risk analysis, the power 
supply was removed and stayed outside the chamber, and the 
controller was exposed to the hyperbaric environment (up to 
2.5 atmospheres absolute (atm abs), 253 kPa pressure). In 
our case, there was no direct contact with the manufacturer, 
and we had no access to a spare LVAD in case of malfunction 
of the controller during tests.

Therefore, a formal risk analysis was conducted according to 
published guidelines.9  Due to the lack of detailed technical 
information about the external controller and the batteries, 
the risk of exposing it to hyperbaric pressure was considered 
unacceptably high. Therefore, the decision was made to 
separate the external part of the LVAD from the ambient 
conditions in the hyperbaric chamber. This would be done 
by enclosing the LVAD controller with the power supply in 
a pressure-resistant housing, the Hyperbaric Protective Tube 
(HPT), which was vented to the external atmosphere to keep 
the internal pressure at 101.3 kPa (1.0 atm abs). The facility 
staff prepared a general assembly diagram (Figure 2) for the 
housing with the following main properties:

• capable of enclosing the external controller with 
batteries within the housing;

• allowing the connection cable to pass through the 
housing wall without any mechanical damage;

• allowing connection to the hyperbaric chamber dump 
system opened to the external environment to ensure the 
internal pressure is kept at the normobaric level (101.3 
kPa), regardless of any leak into the housing around the 
connection cable;

• include a valve to control the inflow of ambient air into 
the housing to decrease internal temperature;

• capable of monitoring internal pressure in order to 
alert the user in case pressure builds up over 121.6 kPa 
arbitrarily considered the safety cut-off point for any 
electronic device);

• designed so that the weakest point of the housing should 
be able to withstand 709 kPa (equivalent to 60 metres’ 
sea water (msw) depth and the working pressure should 
be at least 253 kPa (equivalent to 15 msw).

Figure 1
Deployment of the HeartWare LVAD (sourced from:

 https://www.heartware.com/resources)

https://www.heartware.com/resources
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An external commercial company manufactured the HPT 
from acrylic plastic according to the supplied drawings 
with internal dimensions that were capable of holding the 
HeartWare LVAD (cylindrical shape approximately 40 cm 
length and 12 cm diameter). Then, a full battery of tests 
was conducted internally by the hyperbaric facility staff, 
up to the test pressure of 6 atm abs (equivalent to 50 msw 
depth). A procedure for enclosing the LVAD in the housing 
unit in an uninterruptible manner without any disconnection 
was developed, and the staff were trained for standard and 
emergency situations. The patient was informed about the 
therapeutic plan and gave informed consent for the non-
standard approach with unknown probability of critical 
failure.

Results

During each HBOT session, the LVAD controller with 
batteries and the diving computer used for monitoring the 
internal pressure were enclosed in the HPT (Figure 3), with 
staff double-checking that the connection cable was placed 

Figure 2
Construction of the LVAD housing. 1 – transparent acrylic tube; 2 – tube base; 3 – tube flange; 4 – removable lid; 5 – hard synthetic seal; 
6 – eight wingnut fasteners (for practical purposes replaced by hand-screws); 7 – quick connector to the dumping system; 8 – valve for 

venting; R in the View 'W' – machined conduit in the housing cover for connection cable

Figure 3
The housing with the enclosed HeartWare LVAD in the hyperbaric 
chamber. Inside there is the LVAD external controller with batteries 
and a diving computer showing only the date and time of exposure, 
which means that the internal pressure is in the normobaric range 
(1.0–1.2 atm abs). The other diving computer is located outside the 
housing confirming that the pressure inside hyperbaric chamber is 

2.5 atm abs (14.9 msw on the display)

Figure 4
The housing lid. There are eight hand screws visible with a 
connector to the dumping system (black hose) and connection cable 

passing through the housing (at the lowest point)
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in the machined conduit in the housing head to ensure there 
was no crushing. Eight screws were lightly tightened to 
avoid asymmetrical tension to the housing head (Figure 4).

The chamber was pressurized to 121 kPa, and the internal 
gauge (a diving computer) was checked to confirm that 
internal pressure was not increasing. The final check of the 
dumping system was done by opening the venting valve. 
The sound of air passing into the housing unit was heard 
with no indication of increasing internal pressure. Then, the 
venting valve was closed, and the chamber was pressurized 
to the treatment pressure (253 kPa). During proper operation 
at treatment pressure, the internal gauge in the HPT did 
not indicate any increase of pressure above atmospheric 
(1.0 atm abs) (see diving computers in Figure 3). Thirty 
uneventful standard HBOT sessions (100% oxygen 
for 70 minutes at 253 kPa, excluding compression 
and decompression) were conducted in an air-filled 
multiplace hyperbaric chamber with subsequent clinical 
improvement of the soft tissue infection. This facilitated 
an extended period to await heart transplantation.

Discussion

Where it is necessary to use a non-approved medical device in 
hyperbaric conditions exceeding those in the manufacturer’s 
technical specification, there are several options available 
for the medical user, including: checking the resistance of 
a device to the external conditions (sealed medical devices, 
e.g., implantable devices); checking the compatibility of 
devices with specific hazards (e.g. syringe drivers/pumps, 
ventilators); and enclosing the device within an external 
case that is resistant to the in-chamber environment. In all 
cases, risk analysis and mitigation should be conducted by 
experienced personnel to keep the residual risks as low as 
possible. The process should be documented and approved 
by the facility or by hospital authorities. All problems should 
be discussed with the patient in detail to facilitate informed 
consent. Personnel must be informed and trained for both 
standard and emergency operating procedures.

Conclusions

Using the HPT, an external, not-perfectly-isolating housing 
unit with venting to the dumping system of the hyperbaric 
chamber allows the option of putting medical devices 
with unknown susceptibility to the environmental factors 
associated with HBOT into a pressurized environment.

After careful risk evaluation and training of personnel 
involved, such a housing allows for the safe use of critical 
medical devices, without prior testing for their compatibility 
with or exposure to the hyperbaric environment.
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Abstract

(Goffinet CMJ, Simpson G. Cerebral arterial gas embolism in a scuba diver with a primary lung bulla. Diving and Hyperbaric 
Medicine. 2019 June 30;49(2):141–144. doi: 10.28920/dhm49.2.141-144. PMID: 31177521.)
Primary lung bullae have been reported to cause pulmonary barotrauma and lead to cerebral arterial gas embolism (CAGE) 
in the context of diving; however, a lack of symptoms and often minimal radiographic findings often preclude a diagnosis of 
lung bullae prior to undertaking diving activity. We present the case of a healthy 27-year-old Caucasian male who presented 
following the second of two introductory resort dives with neurological symptoms attributable to CAGE. Investigations 
revealed a previously undiagnosed large primary lung bulla. This case highlights the clinical sequelae of primary lung bullae 
in the context of pulmonary barotrauma related to recreational diving activity.

Introduction

Primary lung bullae are air-filled, thin-walled spaces 
occurring within the lung in a patient free of airway 
obstruction or disease.1  They are characteristically 
asymptomatic, and occur more frequently in patients 
with Marfan’s syndrome and Ehlers-Danlos syndrome.2,3  
Bullous lung disease is an absolute contraindication to 
diving, however a lack of symptoms and often minimal 
radiographic findings often preclude a diagnosis of lung 
bullae prior to undertaking diving activity. We describe the 
case of a previously healthy 27-year-old Caucasian male 
who developed cerebral arterial gas embolism (CAGE) as 
a result of pulmonary barotrauma secondary to a previously 
undiagnosed primary lung bulla.

Case report

A 27-year-old Caucasian male tourist presented to the 
emergency department following an episode of transient 
neurological symptoms that developed after a dive ascent. 
His medical history was significant for a multinodular goitre 
requiring total thyroidectomy, inguinal hernia repair and 
testicular hydrocoele, with no history of respiratory disease. 
He was a non-smoker and had never had any chest imaging 
or lung function testing performed. This was his first dive 
experience and was a ‘resort’ dive with a reef company 
which did not require a dive medical to be performed. His 
first dive of the day was to 3–5 metres depth for 10 minutes, 

and was uneventful. His second dive occurred one hour later 
to 10 metres for 30 minutes, with a one-minute safety stop. 
He ascended slowly following the directions of the instructor, 
and there was no panic or breath holding. He began to feel 
dizzy on the last 1–2 metres of the ascent and began coughing 
one metre from the surface with a sensation of fullness of 
the chest. After reaching the surface he began to feel unwell, 
and on approaching the boat he was unable to lift himself 
unaided due to a left-sided hemiparesis involving his arm and 
leg. He also noted left-sided paraesthesiae and an expressive 
aphasia. He was helped into the boat and given high-flow 
oxygen, noticing an improvement in his symptoms within 
10 minutes and complete resolution after 30 minutes.

His observations in the Emergency Department demonstrated 
an oxygen saturation of 98% on high-flow oxygen, blood 
pressure of 134/90 mmHg, heart rate of 77 beats per minute, 
and respiratory rate of 20 breaths per minute. Neurological 
examination was normal and cardiorespiratory examination 
was unremarkable. A chest X-ray was performed which 
revealed a large bulla in the right upper zone containing an 
air-fluid level (Figure 1). Computed tomography scanning of 
the chest confirmed the presence of a large thin-walled fluid-
containing bulla in the right upper lobe with surrounding 
alveolar shadowing, likely representing pulmonary 
haemorrhage (Figure 2). There was also a smaller subpleural 
bulla in the left lower lobe (Figure 3). The diagnosis was 
of pulmonary barotrauma secondary to a primary lung 
bulla leading to CAGE. The patient was discussed with the 

mailto:celine.m.goffinet%40gmail.com?subject=
https://doi.org/10.28920/dhm49.2.141-144
https://www.ncbi.nlm.nih.gov/pubmed/31177521
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nearest hyperbaric medicine unit, and recompression was not 
performed – partly because his symptoms had resolved, and 
partly due to concerns regarding possible further barotrauma 
on decompression. The patient fully recovered and returned 
home to be followed up in another centre. An MRI brain was 
performed several weeks later and was reportedly normal. 
He subsequently underwent a bullectomy. He was counselled 
never to dive again.

Discussion

Lung bullae are an absolute contraindication to diving. 
Since pressure is inversely related to volume (Boyle’s Law), 
dangers arise when a poorly ventilated area of lung (such 
as that inside a primary lung bulla or cyst) takes up some 
gas during the time at depth, and is then subject to reduced 
pressure on ascent. If it is unable to be vented, possibly 
due to a one-way valve effect or intermittent plugging or 
obstruction, the gas that has accumulated within the bulla 
expands and may cause pulmonary barotrauma. The rate of 
change of pressure over the ascent will also affect the ability 
of the bulla to equilibrate the pressures. If the pulmonary 
parenchyma is damaged such that air enters the pulmonary 
vasculature, there may be systemic arterial gas embolism 
leading to stroke-like symptoms as bubbles reach the brain 
and/or myocardial ischaemia from coronary arterial air 
embolism.

It has been demonstrated previously that divers with 
pre-existing small lung cysts or bullae may be at risk of 
pulmonary barotrauma;4 however as in our patient, owing 
to the frequent absence of chest imaging prior to the event, 
there is often uncertainty as to whether the bullae caused, or 
were the result of, the pulmonary barotrauma event. There 
are a few reports in the literature of pulmonary barotrauma 
related to primary lung bullae. A similar case to our patient 
has been described, wherein a 33-year-old, previously well 
female developed neurological symptoms attributable to 
CAGE shortly after ascending from an 18-metre dive, which 
was associated with a sensation of dyspnoea and pleuritic 
chest pain.5  Subsequent investigations identified a giant 
emphysematous bulla in the left hemithorax. Her symptoms 
fully resolved, and recompression was not performed, as 
in our patient. Interestingly, the patient’s previous chest 
imaging from five and three years prior was reviewed and 
demonstrated an area of hypertranslucency in the left lung, 
though the films were reported as normal at the time. This 
suggests that the bulla was indeed present prior to the dive.

In an interesting case series of three patients in whom 
a primary bulla was demonstrated radiographically, an 
increase in diameter of the bulla was attributed to diving 
activity, ultimately leading to a barotraumatic diving 
accident including CAGE.6  Two of the cases demonstrated 
a marked increase in the size of the bulla immediately 
following the episode of CAGE when compared to previous 
imaging, which the authors supposed may have been a 

Figure 1
Chest radiograph of 27 year-old diver presenting with cerebral 
arterial gas embolism showing a large bulla in right upper zone 

containing an air-fluid level

Figure 2
Computed tomography scan of the chest showing a large thin-
walled fluid-containing bulla in the right upper lobe of a diver 

presenting with cerebral arterial gas embolism

Figure 3
Computed tomography scan of the chest showing a smaller bulla 

in the left lower lobe of the same diver
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consequence of the dive and contributory to the sequelae. 
Another series of three cases has been reported where 
unsuspected congenital lung bullae led to diving accidents 
without CAGE.7  In two cases, the bullae ruptured causing 
spontaneous pneumothorax and in the third a tension bulla 
led to symptoms.

There are also case reports of pulmonary barotrauma and 
CAGE resulting from lung bullae during commercial air 
flight.8−10  Our patient, in retrospect, recalled experiencing 
similar upper chest discomfort and dyspnoea four years 
previously following skydiving, which self-resolved after 
several minutes, as well as occasional upper chest discomfort 
during commercial air flights during the preceding several 
years. These symptoms were never investigated and were 
never associated with any neurological symptoms. That his 
respiratory symptoms developed most convincingly after 
skydiving, wherein he would have experienced a more 
sudden change in air pressure, is notable, and supports 
the notion that the bullae were pre-existing and not a 
consequence of the dive.

Thankfully the patient’s symptoms resolved with supportive 
cares; however, this case raises the important question of 
whether recompression using hyperbaric oxygen treatment 
(HBOT) should be administered for persistent symptoms in 
cases of CAGE attributable to pulmonary barotrauma with 
underlying lung pathology. The dilemma is that while HBOT 
is the treatment of choice for CAGE,11 it necessitates further 
recompression and, more importantly, decompression, 
which is the presumed mechanism of injury causing the 
pulmonary barotrauma in the first instance. There are two 
case reports of CAGE attributable to HBOT in the context 
of underlying lung pathology, such as bullous lung disease 
in a smoker12 and diffuse interstitial pulmonary fibrosis with 
severe emphysema.13  It is likely that recompression would 
have been offered to our patient if his neurological symptoms 
had persisted, on the basis that decompression from HBOT 
occurs at a much slower rate than the insult from the dive, 
and would therefore be less likely to cause further injury. The 
risks of recompression would, however, need to be openly 
and frankly discussed with the patient and/or next-of-kin, 
if possible, given the uncertainties.

This case also highlights the difficulties in screening an 
otherwise healthy population for underlying lung disease. 
Although our patient had experienced possible respiratory 
symptoms during previous flights and sky diving, he 
never underwent lung imaging and the screening medical 
questionnaire that he completed – the only form of 
assessment required for a leisure resort dive in Queensland 
– would not identify underlying bullous lung disease based 
on symptoms alone. Given the normal cardiorespiratory 
examination after the event, there is no certainty that a face-
to-face diving medical would have identified the problem 
either. Further, as illustrated in several cases discussed 
above,5,6 plain chest imaging is frequently inadequate for 
diagnosing primary lung bullae or cysts. The question 

of whether computed tomography of the chest should be 
incorporated into screening practices has been raised; 
however, this would unlikely be practical or cost effective.14  
Optimal screening practices for primary lung bullae is an 
area that warrants on-going study.

In summary, we have described the case of a healthy young 
male who developed CAGE secondary to pulmonary 
barotrauma owing to a previously undiagnosed primary lung 
bulla. This case highlights the need to maintain a degree 
of suspicion for pulmonary barotrauma in any patient who 
develops neurological symptoms following a dive.
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Dr John Knight FANZCA, Dip DHM, Captain RANR

John Knight was the South Pacific Underwater Medicine Society. Having joined the Society in 1972, he went on to fill 
the roles at various times of Committee Member, Secretary, President, Public Officer (the predecessor of the Education 
Officer), Assistant Editor of the SPUMS Journal (Doug Walker as Editor) 1985–89, and then Editor of the Journal from 
1990 to 2002. He was elected a Life Member of SPUMS in recognition of his enormous contributions. Our Journal would 
not exist today if not for John’s efforts.

John passed away on 09 May, aged 89. A full obituary will appear in the September issue of Diving and Hyperbaric Medicine.

A Celebration of John’s life will be held on Friday 7 June 2019 at 1.30 pm in the Newcomb Library Meeting Room, 
Geelong. RSVP to liz@legalpm.com.au
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Precision is key in HBO therapy, and Servo-i HBO delivers. 
We’ve built in over 40 years of ventilation experience to create 
a fully automated system with accurate performance that 
takes the pressure off you.

Servo-i HBO gives you exceptional accuracy in pressure regulation and monitoring, 
with the flexibility to treat patients from neonatal to adult in controlled and supported 
ventilation modes. It’s built for the toughest demands; with the Heliox option, Servo-i 
HBO can be used at hyperbaric pressures corresponding to a diving depth of 30 meters. 
And as you’d expect from Servo-i, it’s equipped with practical tools and features that 
put our know-how to work for you.

Discover more at www.getinge.com
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Notices and news

SPUMS society information and news is to be found mainly on the
society website: www.spums.org.au

SPUMS Presidents message
David Smart

Over the past three years, SPUMS has undergone a transition 
which has been unprecedented in our history. Our banking 
processes have been overhauled and we have moved from 
St George to ANZ. Our website has been overhauled and 
rebuilt, to permit greater functionality (particularly with 
financial transactions) and security. The DHM website has 
also been overhauled and set up to permit general access to 
the non-embargoed editions, and member access to each new 
edition as it is produced. Our relationship with our EUBS 
colleagues has continued to flourish.

As per SPUMS purposes and rules, we have continued to 
provide high quality Scientific Meetings every year. This 
year’s meeting with the theme 'Old divers, bold divers but 
no old bold divers'. Cardiovascular health risk assessment 
and diving” with keynote speaker Assoc. Prof. Nigel 
Stuart Jepson, promises to be a terrific update in the field. 
I offer my huge thanks to Cathy Meehan for organising 
this meeting, and also the support of Simon Mallender and 
Deborah Dickson-Smith from Diveplanit for the travel/
accommodation and organisational support. By the time 
of publication of this report, the meeting will have been 
completed.

Thanks to great work by SPUMS Treasurers’ Peter Smith 
and Sarah Lockley over the last five years, our financial 
reporting fully meets modern accounting standards. I 
am particularly grateful to Sarah’s husband Cal, who 
has voluntarily set up SPUMS and DHM finances on a 
professional accounting platform. Despite all of the above 
improvements and consolidation in processes, running of 
SPUMS still requires considerable volunteer input from all 
ExCom members. Without the continued volunteer input, 
SPUMS will cease to exist.

This AGM marks a transition point for SPUMS. Two 
positions are up for election. Nominations for the President 
Elect position have been called, and by the time of 
publication of this issue of DHM, the AGM will be complete 
and the position filled. The President Elect is for a period of 
12 months, prior to assuming the role of SPUMS President 
for three years from 2020. This permits a smooth handover 
of the strategic leadership of SPUMS from one President 
to the next.

In addition to the President elect position, nominations for 
the Treasurer’s position have been called. Sarah Lockley 

has stepped down from this role due to personal reasons. 
Her departure necessitates a mid-term election to be held. 
This is a key position for SPUMS and also for the ongoing 
viability of DHM. The work of the SPUMS Treasurer is 
highly valued, continuous but often not fully appreciated 
or understood by SPUMS or EUBS members. I am hopeful 
that we will have a member step up to the plate to take on 
this important role. I am personally of the opinion that we 
are at a pivotal point whereby SPUMS will need to transition 
obtaining professional support to run its finances, and the 
possibility of providing an honorarium to the treasurer (or 
book-keeper support) needs to be considered. The concept 
has been forwarded to EUBS for consideration, particularly 
in relation to the role of managing DHM finances and budget 
preparation.

I have stated my intention to resign as SPUMS President in 
2020 when the next general election occurs. At that point I 
will have completed 17 years on SPUMS ExCom, six years 
as President. I will still be on ExCom after 2020, as the 
Immediate Past President. It is time for our members to step 
up to the plate and volunteer, so that SPUMS can continue 
its leadership role into the future.

Key words
Medical society; General interest

ANZHMG Report

The annual two week ANZHMG Introductory Course in 
Diving and Hyperbaric Medicine was held at the Esplanade 
Hotel in Fremantle and Fiona Stanley Hospital from 18 
February to 01 March 2019 with 27 participants from 
Australia, New Zealand and overseas. The Unsworth Prize 
winner as dux of the course was Dr John Laughlin from 
Tasmania. Many thanks to Dr Ian Gawthrope, Course 
Convenor and to all the course faculty for their enthusiasm 
and commitment.

The next course is tentatively planned for 24 February – 06 
March 2020.

The next meeting of the ANZHMG will be on Thursday 15 
August 2019 at the Novotel Hotel Darling Harbour, Sydney 
at the beginning of the HTNA conference – all doctors 
working in diving and hyperbaric medicine in Australasia 
are welcome.

Dr Neil Banham, Chair ANZHMG

http://www.spums.org.au
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Venue: Oceans Resort, Tutukaka, New Zealand

The scientific programme for 2020 is coming together and looking good - "Diving medical support: off the beaten track", 
featuring our very own Richard Harris as Keynote Speaker. Add to that some of the best subtropical diving on the planet 

at the Poor Knights Islands Marine Reserve and this is an event not to be missed!

Conference website for more information and registration is here:
www.spums2020.nz

See you in Tutukaka in April 2020.

Guest Speaker: Richard Harris, Adelaide
Convenor: Greg van der Hulst

Scientific Convenors: Hanna van Waart and Xavier Vrijdag

The

website is at
www.spums.org.au

Members are encouraged to log in and keep 
their personal details up to date.

The latest issues of Diving and Hyperbaric 
Medicine are via your society website login.

SPUMS 49th Annual Scientific Meeting
Diving Medical Support: Off the Beaten Track

19–24 April 2020

Divers Emergency Service/DAN Asia Pacific
Foundation Telemedicine Scholarship 2019

It is with great pleasure we announce that the winner of the 
2019 Telemedicine Scholarship is Peter Watson. The award 
of AUD4,000 will support his attendance at the SPUMS 
ASM in the Solomon Islands in May. 

The Divers Emergency Service (DES) telephone provides 
24-hour advice for diving and underwater emergencies. 
Recognising that most doctors have no training in diving 
medicine, the volunteers providing this service have specific 
training and work in diving and hyperbaric facilities around 
Australia. This service has been in operation since 1986 and 
is supported by DAN.

Enquiries to:
david.wilkinson@sa.gov.au

http://www.spums2020.nz 
http://www.spums.org.au
mailto:david.wilkinson%40sa.gov.au?subject=
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SPUMS Facebook page

Remember to ‘like’ us at:
http://www.facebook.com/pages/SPUMS-South-Pacific-
Underwater-Medicine-Society/221855494509119

Australian and New Zealand College of 
Anaesthetists Diving and Hyperbaric Medicine 

Special Interest Group
The new Diploma of Advanced Diving and Hyperbaric 
Medicine was launched on 31 July 2017. Those interested 
in training are directed to the ANZCA website http://www.
anzca.edu.au/training/diving-and-hyperbaric-medicine. 

Training

Documents to be found at this site are:
• Regulation 36, which provides for the conduct of 

training leading to the ANZCA Dip Adv DHM, and 
the continuing professional development requirements 
for diplomats and holders of the ANZCA Certificate 
of DHM;

• ANZCA Advanced DHM Curriculum which defines 
the required learning, teaching and assessment of the 
diploma training programme; and

•  ANZCA Handbook for Advanced DHM Training which 
sets out in detail the requirements expected of trainees  
and accredited units for training.

Examination dates for 2019

Viva voce TBC

Accreditation

The ANZCA Handbook for Advanced DHM accreditation, 
which provides information for units seeking accreditation, 
is awaiting approval by Standards Australia and cannot yet 
be accessed online. Currently six units are accredited for 
DHM training and these can be found on the College website.

Transition to new qualification

Transitional arrangements for holders of the ANZCA 
Certificate in Diving and Hyperbaric Medicine and highly 
experienced practitioners of DHM seeking recognition of 
prior experience lapsed on 31 January 2019.

All enquries should be submitted to dhm@anzca.edu.au.

An Australian Health Promotion 
Charity encouraging the 
prevention and control of 

diving related illness and injury 
through Research or Diving 
Safety Promotion Grants. 

Apply for A 
grAnt now 
www.adsf.org.au

Royal Australian Navy Medical Officers’ 
Underwater Medicine Course 2019

Dates: 14–25 October
Venue: HMAS Penguin, Sydney

The MOUM course seeks to provide medical practitioners 
with an understanding of the range of potential medical 
problems faced by divers.  Emphasis is placed on the contra-
indications to diving and on the diving medical assessment 
(including workshops covering key components), together 
with the pathophysiology, diagnosis and management of 
common diving- related illnesses. The course includes 
scenario -based simulations focusing on the management 
of diving emergencies.

Cost: AUD1,355 without accommodation
(tbc with accommodation and meals at HMAS Penguin)
For information and application forms contact:
Raj Karekar, for Officer in Charge,
Submarine and Underwater Medicine Unit, HMAS Penguin, 
Middle Head Rd, Mosman, NSW 2088, Australia
Phone: +61- (0)2- 9647-5572
E -mail: Rajeev.Karekar@defence.gov.au

http://www.facebook.com/pages/SPUMS-South-Pacific-Underwater-Medicine-Society/221855494509119
http://www.facebook.com/pages/SPUMS-South-Pacific-Underwater-Medicine-Society/221855494509119
http://www.anzca.edu.au/training/diving-and-hyperbaric-medicine
http://www.anzca.edu.au/training/diving-and-hyperbaric-medicine
mailto:dhm@anzca.edu.au
mailto:Rajeev.Karekar%40defence.gov.au?subject=
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Requirements for candidates (May 2014)

In order for the Diploma of Diving and Hyperbaric Medicine to 
be awarded by the Society, the candidate must comply with the 
following conditions: They must
1 be medically qualified, and remain a current financial 

member of the Society at least until they have completed all 
requirements of the Diploma;

2 supply evidence of satisfactory completion of an examined 
two -week full- time course in diving and hyperbaric medicine 
at an approved facility. The list of such approved facilities may 
be found on the SPUMS website;

3 have completed the equivalent (as determined by the Education 
Officer) of at least six months’ full- time clinical training in 
an approved Hyperbaric Medicine Unit;

4 submit a written proposal for research in a relevant area of 
underwater or hyperbaric medicine, in a standard format, for 
approval before commencing the research project;

5 produce, to the satisfaction of the Academic Board, a written 
report on the approved research project, in the form of a 
scientific paper suitable for publication. Accompanying this 
report should be a request to be considered for the SPUMS 
Diploma and supporting documentation for 1–4 above.

In the absence of other documentation, it will be assumed that the 
paper is to be submitted for publication in Diving and Hyperbaric 
Medicine. As such, the structure of the paper needs to broadly 
comply with the ‘Instructions to authors’ available on the SPUMS 
website www.spums.org.au or at www.dhmjournal.com.

The paper may be submitted to journals other than Diving and 
Hyperbaric Medicine; however, even if published in another 
journal, the completed paper must be submitted to the Education 
Officer (EO) for assessment as a diploma paper. If the paper has 
been accepted for publication or published in another journal, then 
evidence of this should be provided.

The diploma paper will be assessed, and changes may be requested, 
before it is regarded to be of the standard required for award of the 
Diploma. Once completed to the reviewers’ satisfaction, papers 
not already submitted to, or accepted by, other journals should be 
forwarded to the Editor of Diving and Hyperbaric Medicine for 
consideration. At this point the Diploma will be awarded, provided 
all other requirements are satisfied. Diploma projects submitted to 
Diving and Hyperbaric Medicine for consideration of publication 
will be subject to the Journal’s own peer review process.

Additional information – prospective approval of projects is 
required

The candidate must contact the EO in writing (or e mail) to advise 
of their intended candidacy and to discuss the proposed topic of 
their research. A written research proposal must be submitted 
before commencement of the research project.

All research reports must clearly test a hypothesis. Original basic 
and clinical research are acceptable. Case series reports may be 
acceptable if thoroughly documented, subject to quantitative 
analysis and if the subject is extensively researched in detail. 
Reports of a single case are insufficient. Review articles may 
be acceptable if the world literature is thoroughly analysed and 

discussed and the subject has not recently been similarly reviewed. 
Previously published material will not be considered. It is expected 
that the research project and the written report will be primarily 
the work of the candidate, and that the candidate is the first author 
where there are more than one.

It is expected that all research will be conducted in accordance 
with the joint NHMRC/AVCC statement and guidelines on 
research practice, available at: www.nhmrc.gov.au/_files_nhmrc/
publications/attachments/r39.pdf, or the equivalent requirement 
of the country in which the research is conducted. All research 
involving humans, including case series, or animals must be 
accompanied by documentary evidence of approval by an 
appropriate research ethics committee. Human studies must 
comply with the Declaration of Helsinki (1975, revised 2013). 
Clinical trials commenced after 2011 must have been registered at a 
recognised trial registry site such as the Australia and New Zealand 
Clinical Trials Registry http://www.anzctr.org.au/ and details of 
the registration provided in the accompanying letter. Studies using 
animals must comply with National Health and Medical Research 
Council Guidelines or their equivalent in the country in which the 
work was conducted.

The SPUMS Diploma will not be awarded until all requirements 
are completed. The individual components do not necessarily 
need to be completed in the order outlined above. However, 
it is mandatory that the research proposal is approved prior to 
commencing research.

Projects will be deemed to have lapsed if:
• the project is inactive for a period of three years, or
• the candidate fails to renew SPUMS Membership in any year 

after their Diploma project is registered (but not completed).

For unforeseen delays where the project will exceed three years, 
candidates must explain to the EO by email why they wish their 
diploma project to remain active, and a three-year extension 
may be approved. If there are extenuating circumstances why 
a candidate is unable to maintain financial membership, then 
these must be advised by email to the EO for consideration by 
the SPUMS Executive. If a project has lapsed, and the candidate 
wishes to continue with their DipDHM, then they must submit a 
new application as per these guidelines.

The Academic Board reserves the right to modify any of these 
requirements from time to time. As of January 2016, the SPUMS 
Academic Board consists of:

Dr David Wilkinson, Education Officer, Adelaide;
Professor Simon Mitchell, Auckand;
Dr Denise Blake, Townsville.

All enquiries and applications should be addressed to:
David Wilkinson
education@spums.org.au

Key words
Qualifications; Underwater medicine; Hyperbaric oxygen; 
Research; Medical society

SPUMS Diploma in Diving and Hyperbaric Medicine

http://www.spums.org.au
http://www.dhmjournal.com
http://www.nhmrc.gov.au/_files_nhmrc/publications/attachments/r39.pdf
http://www.nhmrc.gov.au/_files_nhmrc/publications/attachments/r39.pdf
http://www.anzctr.org.au/
mailto:education%40spums.org.au?subject=
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Notices and news

EUBS notices and news and all other society information is now to be found mainly on the
society's website: www.eubs.org

EUBS 45th Annual Scientific Meeting 2019
Dates: 09–12 September 2019

Venue: David Intercontinental Hotel, Tel Aviv, Israel

Main theme
Hyperbaric medicine and the brain

Emerging indications related to hyperbaric oxygen and the brain will be covered in depth by the world's leading investigators. 
In addition, new physiological data related to the effect of hyperbaric oxygen on sports performance and mitochondrial 
function will be presented. The preliminary programme is now online on the EUBS 2019 website, including all information 

on pre- and post-conference workshops and social events.

The conference will be jointly organised with the International Conference on Hyperbaric Oxygen and the Brain.
The conference will be hosted by the Israeli Society for Hyperbaric and Diving Medicine.

This period has been chosen as it is after the summer break but just before the high holidays in Israel. Tel Aviv is an 
exciting hypermodern coastal city, with top-notch medical research and treatment facilities, but also bustling with beaches, 
restaurants and nightlife. Also, favourable airfares are dependent on early booking and hotel accommodation tends to be in 
high demand. Those who remember previous EUBS meetings organised in Israel will need no more motivation to attend! 
A number of pre- and post-conference diving workshops and other social events are available – create your own congress 

week tailored to your wishes and desires.

Please submit your abstract too, as your input is an important part of the success of our annual meeting.

There is still time to apply for a Student Travel Grants and other awards. You can find information on the conditions and 
application process on https://eubs2019.com/eubs-awards/.

You can find all the information regarding the conference on the website www.eubs2019.com,
or by visiting the EUBS website www.eubs.org.

EUBS Elections – Member at Large

Around the time of publication of this issue of DHM, the 
election process for the 2019 ExCom members (Member-
at-Large) of EUBS will have started.

Member-at-Large: we will be saying goodbye to Dr Med. 
Bengusu Mirasoglu as Member-at-Large 2016. ExCom 
extends their thanks to Bengu for the work she did within the 
ExCom, and we hope we will be able to continue counting 
on her support and help.

Candidates for the position of Member-at-Large 2019 will 
be available on the EUBS website with a picture and short 
CV, and you will receive soon, by email, an internet ballot 
where you can cast your vote. If you have not received 
such an email by the end of June, please notify us at 
secretary@eubs.org, and we will work with you to find out 

the reasons why. As the system works via email, it is possible 
for the message to end up in your spam folder. There may be 
other reasons but usually we are able to solve them.

EUBS Website

As always, please visit the EUBS website www.eubs.org for 
the latest news and updates. You will find information on 
planned and recruiting clinical trials, job offers and EUBS-
endorsed documents and statements (all this under the menu 
item 'Activities').

While we value the membership contributions of all our 
members (after all, members are what constitutes our 
Society), EUBS ExCom would specifically like to thank 
our Corporate Members for their support to the Society. You 
can find their names, logo’s and contact information on the 
Corporate Members page under menu item 'The Society'.

http://www.eubs.org
https://eubs2019.com/eubs-awards/
http://www.eubs2019.com
http://www.eubs.com
http://www.eubs.org
mailto:secretary%40eubs.org?subject=
http://www.eubs.org


Diving and Hyperbaric Medicine  Volume 49 No. 2 June 2019 151

EUBS President's message
Ole Hyldegaard

EUBS ANNUAL SCIENTIFIC MEETING 2019

While I write these words, the annual EUBS scientific 
meeting is in its final preparation by our colleagues in 
Tel Aviv. Research made over recent years has put hyperbaric 
oxygen therapy and its possible effects on the brain for 
different disorders high on the agenda. Reports from 
Israel in particular, as well as the USA and others require 
that the clinical communities working with hyperbaric 
oxygen therapy invest more time and resources into 
the research of this field. A comprehensive program on 
pulmonary and CNS oxygen toxicity and exposure limits 
in both diving and clinical HBO – generously supported 
by the US Office of Naval Research – is also scheduled.

The organizers are to be complimented on putting together 
a very interesting program, with highlights including:
• World expert panel on traumatic brain injuries and post 

traumatic brain disorders, with focus on pathophysiology 
and the potential use of HBOT.

• World expert presentation and discussions on pulmonary 
and CNS oxygen toxicity and exposure limits in diving 
and hyperbaric medicine.

• Prospective clinical data on the physiological effects 
of HBOT on the healthy adult population, addressing 
pharmacodynamics effects of HBOT on the immune 
system, angio- and neurogenesis as well as HBOT 
effects on mitochondrial function and exercise capacity 
in athletes.

• A presentation of the challenging Tham Luang Cave 
Rescue mission in Thailand by Captain Natthasak 
Woracharonesri MD, will be part of the keynote lectures.

In addition, many interesting abstracts and scientific reports 
will be presented. I look forward to seeing you all at the 
Tel Aviv EUBS Scientific Meeting 2019.

Key words
Medical society; General interest

The

website is at 
<www.eubs.org>

Members are encouraged to log in and keep 
their personal details up to date.

The latest issues of Diving and Hyperbaric 
Medicine are via your society website login.

The Science of Diving

Support EUBS by buying the PHYPODE book “The science 
of diving”. Written for anyone with an interest in the latest 
research in diving physiology and pathology. The royalties 
from this book are being donated to the EUBS.
Available from: Morebooks https://www.morebooks.
de/store/gb/book/the-science-of-diving/isbn/978-3-659-
66233-1

German Society for Diving and
Hyperbaric Medicine (GTÜM)

An overview of basic and refresher courses in diving and 
hyperbaric medicine, accredited by GTÜM according to 
EDTC/ECHM curricula, can be found on the website:
http://www.gtuem.org/212/Kurse_/_Termine/Kurse.html

Hyperbaric oxygen lectures

Welcome to:  h t tp : / /www.hyperbar icoxygen.se / 
This site offers publications and high-quality lectures from 
leading investigators in hyperbaric medicine. Please register 
to obtain a password via email. Once registered, watch 
online, or download to your smart device or computer for 
later viewing.
For information contact: folke.lind@gmail.se

EUBS 46th Annual Scientific Meeting 2020
Preliminary Announcement

Dates: 16−19 September 2020
Venue: Prague, Czech Republic

Chairman of the Organising Committee and Secretary 
General of the Meeting: Michal Hajek, long-time member 
of EUBS and member of the Executive Board of ECHM.

Multiple collaborators  include;  the Czech Society 
of Hyperbaric and Aviation Medicine, the City Hospital 
of Ostrava and other academic institutions. Hyperbaric 
medicine has a long tradition in the Czech Republic − in 
2020 it will be 55 years since this field of medicine was 
established in this country. Prague is the capital and largest 
city in theCzech Republic, with a long, rich history as a 
political, cultural and economic centre of central Europe.

More details will appear after the ASM in Tel Aviv.
Put the dates in your calendar now!

https://www.morebooks.de/store/gb/book/the-science-of-diving/isbn/978-3-659-66233-1
https://www.morebooks.de/store/gb/book/the-science-of-diving/isbn/978-3-659-66233-1
https://www.morebooks.de/store/gb/book/the-science-of-diving/isbn/978-3-659-66233-1
http://www.gtuem.org/212/Kurse_/_Termine/Kurse.html
http://www.hyperbaricoxygen.se/
mailto:folke.lind@karolinska.se
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Capita Selecta Diving Medicine

       

The Capita Selecta Diving Medicine of the University of 
Amsterdam annually offers symposia presented by speakers 
of international renown to a multinational audience of diving 
physicians, paramedics and highly educated instructors. 
The level of the presentations is ‘advanced’ (1 and 2d of 
the European standard) and often beyond that. The lectures 
are in English.

Saturday 30 November 2019
Physiology and medicine of the metabolic and inert gases 
in diving

Topics include: O
2
, CO

2
, CO, He, N

2
, Nitrox, He-mixtures, 

saturation, diagnosis, intoxications, HPNS, treatment.
Speakers include: Jean-Claude Le Péchon (FR) and Mattijn 
Buwalda (NL)

www.capitaselectaduikgeneeskunde.nl.
Info: n.a.schellart@amc.uva.nl

Scott Haldane Foundation

the upcoming SHF-courses in 2019.

The courses Medical Examiner of Diver (part I and II) and 
SHF in-depth courses, as modules of the level 2d Diving 
Medicine Physician course, fully comply with the ECHM/
EDTC curriculum for Level 1 and 2d respectively and are 
accredited by the European College of Baromedicine (ECB). 

SHF Course Calendar 2019
05 0ctober: Refresher course 'Organization diving medical', 
NL
09–16 November: Medical Examiner of Divers part 1 
Nosy be, Madagascar
16–23 November: 27th SHF In-depth course diving 
medicine (2d), Nosy be, Madagascar
23–30 Novembe: 27th SHF In-depth course diving medicine 
(2d), Nosy be, Madagascar
On request: Internship HBOT (level 2d certification), NL/
Belgium

The course calendar will be supplemented regularly.
For the latest information: www.scotthaldane.org

Advertising in Diving and Hyperbaric Medicine 

Companies and organisations within the diving, hyperbaric 
medicine and wound-care communities wishing to advertise 
their goods and services in Diving and Hyperbaric Medicine 
are welcome. The advertising policy of the parent societies 
appears on the journal website: www.dhmjournal.com

Details of advertising rates and formatting requirements are 
available on request from:
Email: editorialassist@dhmjournal.com

As an institute dedicated to education 
in diving medicine, the Scott Haldane 
Foundation has organized more than 
250 courses all over the world over the 
past 22 years. SHF is targeting more 
and more on an international audience 
with courses world wide. Below are

Copyright

All articles in Diving and Hyperbaric Medicine are published 
under licence from the authors. Copyright to these articles 
remains with these authors. Any distribution, apart from 
for limited educational purposes, is in breach of copyright.

DIVING HISTORICAL 
SOCIETY 

AUSTRALIA, SE ASIA

P O Box 347, Dingley Village 
Victoria, 3172, Australia
Email: hdsaustraliapacific@
hotmail.com.au
Website: www.classicdiver.org

Publications database of the German Diving 
and Hyperbaric Medical Society (GTÜM) 

EUBS and SPUMS members are able to access the 
German Society’s large database of publications in diving 
and hyperbaric medicine. EUBS members have had this 
access for many years. SPUMS members should log onto 
the SPUMS website, click on 'Resources' then on 'GTÜM 
database' in the pull-down menu. In the new window, click 
on the link provided and enter the user name and password 
listed on the page that appears in order to access the database.

20th International Congress on Hyperbaric 
Medicine 2020

Dates: 13−16 September 2020
Venue: Rio de Janeiro, Brazil
For preliminary information contact:
Dr Mariza D’Agostino Dias
Email: mariza@hiperbarico.com.br

http://www.capitaselectaduikgeneeskunde.nl
mailto:n.a.schellart@amc.uva.nl
http://www.scotthaldane.org
http://www.scotthaldane.org
http://www.dhmjournal.com
mailto:editorialassist%40dhmjournal.com?subject=
mailto:hdsaustraliapacific%40hotmail.com.au?subject=
mailto:hdsaustraliapacific%40hotmail.com.au?subject=
http://www.classicdiver.org
mailto:mariza%40hiperbarico.com.br?subject=
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Diving and Hyperbaric Medicine (DHM) is the combined 
journal of the South Pacific Underwater Medicine Society 
(SPUMS) and the European Underwater and Baromedical 
Society (EUBS). It seeks to publish papers of high quality 
on all aspects of diving and hyperbaric medicine of interest 
to diving medical professionals, physicians of all specialties, 
members of the diving and hyperbaric industries, and divers. 
Manuscripts must be offered exclusively to Diving and 
Hyperbaric Medicine, unless clearly authenticated copyright 
exemption accompanies  the manuscript. All manuscripts 
will be subject to peer review. Accepted contributions will 
also be subject to editing.

Address: The Editor, Department of Anaesthesiology, 
University of Auckland, Private Bag 92019, Auckland 1142, 
New Zealand
Email: editor@dhmjournal.com
Mobile: +64-(0)27-4141-212
European Editor: euroeditor@dhmjournal.com
Editorial Assistant: editorialassist@dhmjournal.com
Information: info@dhmjournal.com

Contributions should be submitted electronically by 
following the link:
http://www.manuscriptmanager.net/dhm
There is on-screen help on the platform to assist authors 
as they assemble their submission. In order to submit, the 
corresponding author needs to create an ‘account’ with a user 
name and password (keep a record of these for subsequent 
use). The process of uploading the files related to the 
submission is simple and well described in the on-screen 
help, provided the instructions are followed carefully. The 
submitting author must remain the same throughout the peer 
review process.

Types of articles

DHM welcomes contributions of the following types:

Original articles, Technical reports and Case series: 
up to 3,000 words is preferred, and no more than 30 
references (excluded from word count). Longer articles 
will be considered. These articles should be subdivided 
into the following sections: an Abstract (subdivided into 
Introduction, Methods, Results and Conclusions) of no more 
than 250 words (excluded from word count), Introduction, 
Methods, Results, Discussion, Conclusions, References, 

Acknowledgements, Funding sources and any Conflicts 
of interest. Legends / captions for illustrations, figures and 
tables should be placed at the end of the text file.

Review Articles: up to 5,000 words is preferred and a 
maximum of 50 references (excluded from word count); 
include an informative Abstract of no more than 300 words 
(excluded from word count); structure of the article and 
abstract is at the author(s)’ discretion.

Case reports, Short communications, Work in progress 
reports, etc: maximum 1,500 words, and 20 references 
(excluded from word count); include an informative 
Abstract (structure at author’s discretion) of no more than 
200 words (excluded from word count).

Educational and historical articles, Commentaries, 
Consensus and other meeting reports, etc., for occasional 
sections may vary in format and length, but should generally 
be a maximum of 2,000 words and 15 references (excluded 
from word count); include an informative Abstract of no 
more than 200 words (excluded from word count).

Letters to the Editor: maximum 600 words, plus one figure 
or table and five references.

Formatting of manuscripts

All submissions must comply with the requirements set out 
in the full instructions on the DHM website. Non-compliant 
manuscripts will be suspended whilst the authors correct 
their submission. Guidance on the general structure for the 
different types of articles is given above.

The following pdf files are available on the DHM website 
to assist authors in preparing their submission:

• Instructions for authors (full version)
• DHM Key words 2018
• DHM Mandatory Submission Form 2018
• Trial design analysis and presentation
• EASE participation and conflict of interest statement
• English as a second language
• Guideline to authorship in DHM 2015
• Helsinki Declaration revised 2013
• Is ethics approval needed?

Diving and Hyperbaric Medicine: Instructions for Authors (summary)

mailto:editor%40dhmjournal.com?subject=
mailto:euroeditor%40dhmjournal.com?subject=
mailto:editorialassist%40dhmjournal.com?subject=
mailto:info%40dhmjournal.com?subject=
http://www.manuscriptmanager.net/dhm
http://www.dhmjournal.com/images%20/Docs/DHM-Instructions-for-Authors_2018.pdf
http://www.dhmjournal.com/images/Docs/DHM-Key-words_01-2018.pdf
http://www.dhmjournal.com/index.php/author-instructions
http://www.dhmjournal.com/images/Docs/Trial-design-analysis-and-presentation.pdf
http://www.dhmjournal.com/images/Docs/Conflicts-of-interest_2018.pdf
http://www.dhmjournal.com/images/Docs/English-as-a-second-language.pdf
http://www.dhmjournal.com/images/Docs/Guideline_to_authorship_in_DHM_journal-2015.pdf
http://www.dhmjournal.com/images/Docs/Declaration-of-Helsinki-2013.pdf
http://www.dhmjournal.com/images/Docs/Is_ethics_approval_needed_secure.pdf
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The DES numbers (except UK) are generously supported by DAN

AUSTRALIA – DAN
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+61-3-7018 3076  (International)

NEW ZEALAND – NZUA
0800-4DES-111  (in New Zealand toll free)

+64-9-445-8454  (International)

JAPAN – DAN
+81-3-3812-4999  (Japan)
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+39-6-4211-8685  (24-hour hotline)
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    0800-020111  (in South Africa toll free)
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DISCLAIMER

Opinions expressed in this publication are given in good faith and in all cases represent the views of the authors 
and are not necessarily representative of the policies or views of SPUMS, EUBS or the Editor and Editorial Board.

Scholarships for Diving Medical Training for Doctors

The Australasian Diving Safety Foundation (ADSF) are proud to offer four annual Diving Medical Training scholarships. We 
are offering these scholarships to qualified medical doctors to increase their knowledge of diving medicine by participating 
in an approved diving medicine training program. These scholarships are mainly available to doctors who reside in Australia. 
However, some exceptions may be considered for regional overseas residents, especially in places frequented by Australian 
divers.

The awarding of such a scholarship will be at the sole discretion of the ADSF. It will be based on a variety of criteria such 
as the location of the applicant, their working environment, financial need, and the perception of where and how the training 
would likely be utilised to reduce diving morbidity and mortality.

Each scholarship is to the value of AUD3,000.

Interested persons should complete the Application Form at:
https://adsf.org.au/grants/scholarships/diving-medical-training and send it by email to johnl@adsf.org.au. 

http://www.adsf.org.au/grants/scholarships/diving-medical-training
mailto:johnl%40adsf.org.au?subject=

