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The Editor’s offering

Photo caption: Dr Richard Harris about to leave surface in 
conducting a rebreather dive to 230 m breathing helihydrox 
below 200 m, Pearse Resurgence, New Zealand, February 
2023.

Welcome to the first issue of DHM for 2024! It contains a 
great mix of articles across both hyperbaric medicine and 
diving subdisciplines.

Hira Khan and colleagues have performed an interesting 
evaluation of the utility of various biomedical databases in 
identifying randomised studies involving hyperbaric oxygen 
treatment (HBOT). The insights into which databases 
provide the greatest sensitivity and precision are extremely 
valuable. The finding that 14% of 367 references were 
unique to single databases reinforces the idea that for a 
thorough review, multiple databases need to be searched. 

Kubra Ozgok Kangal and Bengusu Mirasoglu report on 
their experience and strategies in treating 54 infants (< 12 
months age) with HBOT. As they point out, this is a patient 
group who may be overlooked for HBOT even in the face 
of appropriate indications (most of their patients were 
treated for carbon monoxide [CO] poisoning) because of 
the challenges of providing treatment. 

Eralp Bulutlar and colleagues report an experiment utilising 
a rat model of ovarian torsion – detorsion, effectively an 
ischaemia-reperfusion injury, in which HBOT after detorsion 
provided some protection against injury measured using 
certain biochemical and histologic indices. The authors 
suggest that a human study may now be appropriate. 

JP Imbert has teamed with a group of authors with experience 
in saturation diving to provide a fascinating window on 
decompression from saturation dives. In many respects this 
can be seen as a review, but it is published as an original 
article because the authors went to the trouble of obtaining 
original data by surveying companies active in saturation 
diving to report contemporary approaches. Obtaining such 
information in an industry sometimes considered secretive 
is no small feat, and speaks to the respect these authors hold 
in that community. 

Benjamin Turner and colleagues have adopted the ‘chain-
of-events’ analysis typically applied to analysing diving 
fatalities, and used it to evaluate non-fatal accidents in 
a relatively young cohort of divers. It is fascinating to 
contemplate how the different predisposing factors, triggers, 
disabling agents, and disabling conditions identified in this 
study differ from those producing fatalities in other reported 
series of (frequently older) divers. It seems likely that this 
methodology will be applied to other cohorts of divers 
suffering non-fatal accidents. 

Jonathan Wackett and colleagues report a comprehensive 
review to identify the various ways in which treatment 
outcomes for necrotising soft tissue infections have been 
reported. The ultimate goal is to establish a widely adopted 
core outcome set that would facilitate data pooling, or 

indeed, a large multicentre study of an intervention like 
HBOT. The fact that there were over 300 outcome measures 
reported across 375 studies simultaneously illustrates the 
difficulty and importance of this initiative. 

In one of our occasional ‘World as it is’ articles, Bridget 
Devaney provides a very thoughtful evaluation of the concept 
of equipoise as it pertains to the ethics of joining a trial of 
HBOT for an indication where use of HBO is already partly 
accepted (at least by some). Her focus is on necrotising 
infections, but the principles she articulates could apply 
to any similar situation, and I believe this is an extremely 
valuable article. 

There are three case reports in this issue. Ryota Tsushima and 
colleagues present a case that reminds us of the infrequently 
reported phenomenon of secondary deterioration after 
initial recovery following arterial gas embolism. They 
conclude that HBOT should be provided irrespective of any 
spontaneous improvement in such cases. Zebedee Wong and 
colleagues report a case of apparently successful treatment 
of severe delayed neurological sequelae after CO poisoning 
using HBOT. There is nothing unusual about treating CO 
poisoning with HBOT, but it is much less common to see 
reports of HBOT being used for delayed sequelae. Richard 
Harris and colleagues report the first use of hydrogen as a 
breathing gas in an ultra-deep (230 m) bounce dive using 
electronic closed-circuit rebreathers. In this single dive, 
the use of hydrogen below 200 m depth appeared to reduce 
symptoms of high-pressure neurological syndrome in a 
vulnerable diver. 

Finally, after 53(4) last year, this is the second issue to which 
we are publishing a supplement. In this case it is a book 
chapter on decompression illness (DCI) written by myself 
for the pending Oxford Handbook of Diving and Hyperbaric 
Medicine. Owing to confusion over length and referencing, 
this work is too detailed / long and vastly over-referenced 
for an Oxford Handbook. Moreover, the handbook 
project has been delayed. There is no contemporary ‘big 
book’ chapter on DCI and rather than lose this one, the 
publishers have graciously given permission for it to be 
published in present form. While not exhaustive, it can be 
regarded as a comprehensive overview of pathophysiology, 
manifestations, prevention and treatment of decompression 
sickness and arterial gas embolism. It may be useful as a 
discrete package of educational material in diving medicine 
courses. It will be significantly shortened and updated at the 
time the handbook project moves forward.

Professor Simon Mitchell
Editor
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Abstract
(Khan K, Islam MS, Kaur M, Burns JK, Etherington C, Dion P-M, Alsayadi S, Boet S. Efficacy of searching in biomedical 
databases beyond MEDLINE in identifying randomised controlled trials on hyperbaric oxygen treatment. Diving and 
Hyperbaric Medicine. 2024 31 March;54(1):2−8. doi: 10.28920/dhm54.1.2-8. PMID: 38507904.)
Introduction: Literature searches are routinely used by researchers for conducting systematic reviews as well as by 
healthcare providers, and sometimes patients, to quickly guide their clinical decisions. Using more than one database is 
generally recommended but may not always be necessary for some fields. This study aimed to determine the added value 
of searching additional databases beyond MEDLINE when conducting a literature search of hyperbaric oxygen treatment 
(HBOT) randomised controlled trials (RCTs).
Methods: This study consisted of two phases: a scoping review of all RCTs in the field of HBOT, followed by a  a statistical 
analysis of sensitivity, precision, ‘number needed to read’ (NNR) and ‘number unique’ included by individual biomedical 
databases. MEDLINE, Embase, Cochrane Central Register of Control Trials (CENTRAL), and Cumulated Index to Nursing 
and Allied Health Literature (CINAHL) were searched without date or language restrictions up to December 31, 2022. 
Screening and data extraction were conducted in duplicate by pairs of independent reviewers. RCTs were included if they 
involved human subjects and HBOT was offered either on its own or in combination with other treatments.
Results: Out of 5,840 different citations identified, 367 were included for analysis. CENTRAL was the most sensitive 
(87.2%) and had the most unique references (7.1%). MEDLINE had the highest precision (23.8%) and optimal NNR (four). 
Among included references, 14.2% were unique to a single database.
Conclusions: Systematic reviews of RCTs in HBOT should always utilise multiple databases, which at minimum include 
MEDLINE, Embase, CENTRAL and CINAHL.

Introduction

Hyperbaric oxygen treatment (HBOT) has been an active 
research field for decades, leading to the publication of 
numerous clinical studies investigating effectiveness 
and safety.1–4  HBOT “is the treatment of a disease or 
medical condition by the inhalation of near-100% (at least 
95%) medical grade oxygen at pressures greater than 1 
atmosphere absolute (ATA) (101.3 kilopascals [kPa]) in a 
pressure vessel constructed for that purpose.”1  The resulting 
hyperoxia leads to a number of effects such as bactericidal 
properties, release of growth factors, neovascularisation, 
and immunomodulation.5

Like all medical fields, literature searches are often employed 
by researchers and clinicians to inform treatment decisions. 
It is generally recommended to search numerous databases 
to ensure rigorousness and avoid missing relevant studies.6–10  
Based on time and resource constraints, however, this may 
not always be possible – or even necessary.11  In many cases, 
it may be preferable to quickly identify a number of relevant 
studies while reducing the number of non-relevant search 
results that appear. Searching multiple databases to identify 
relevant trials among increasing numbers of publications 
may delay knowledge translation of evidence or prevent 
swift clinical decision-making. Ideally, the search of a single 
well-organised and indexed database including all relevant 
trials would improve efficiency when identifying trials 



Diving and Hyperbaric Medicine  Volume 54 No. 1 March 2024 3

to inform clinical practice and potentially close existing 
knowledge gaps. Therefore, this study aimed to determine 
whether searching beyond the Ovid MEDLINE (MEDLINE) 
database is necessary to identify the extent of the literature 
when performing a literature search of HBOT randomised 
controlled trials (RCTs).

Methods

The study is composed of two successive steps: (1) a scoping 
review of all RCTs in the field of HBOT; and (2) an analysis 
of the ‘performance’ (i.e., the proportion of included RCTs 
retrieved) of individual biomedical databases relative to all 
HBOT RCTs.

STEP 1: SCOPING REVIEW

To identify all available RCTs in the HBOT field, we first 
conducted a scoping review, and used the PRISMA-ScR 
reporting guidelines.12  The aim of a scoping review is to 
“systematically identify and map the breadth of evidence 
available on a particular topic”.13

Eligibility criteria

Only RCTs were eligible for inclusion, and could be of any 
design (e.g., crossover, parallel-group, cluster, factorial). 
We included all studies conducted with human subjects; 
either patients, healthy volunteers, or healthcare providers. 
All contexts were included, such as clinical and simulated 
settings. Studies using animal populations, tissues, or 
cell cultures were excluded. Studies were included if 
they involved at least one treatment described as HBOT, 
offered either on its own or in combination with other 
treatments, for both Undersea and Hyperbaric Medical 
Society (UHMS) approved and non-UHMS approved 
indications. Diving medicine studies that did not include 
HBOT in a hyperbaric chamber were not included. Within 
each study, the comparison group was defined as a group 
receiving no HBOT or a different HBOT protocol than in 
the treatment group. Only publications in English were 
included for feasibility. Conference abstracts, editorials, 
and commentaries were excluded.

Information sources and search strategy

Based on previous systematic reviews in hyperbaric 
medicine, the electronic databases MEDLINE (via Ovid), 
Embase (via Ovid), Cochrane Central Register of Control 
Trials (CENTRAL), and Cumulative Index to Nursing and 
Allied Health Literature (CINAHL) were searched without 
language restrictions, from inception to December 31, 
2022.3,14–16  The Database of Randomized Controlled Trials 
in Diving and Hyperbaric Medicine was also searched.17

The MEDLINE search strategy was developed with an 
information specialist (AD), a practicing hyperbaric 
medicine physician (SB), and the research team. It was then 
reviewed by a second trained information specialist using 
the peer review of electronic search strategies guideline 
(PRESS).18  The comprehensive MEDLINE strategy was 
then adapted to the unique subject headings and keywords 
of Embase, CENTRAL, and CINAHL (Appendix 1). To 
increase the sensitivity of the search strategy, a specific 
search filter for RCTs was incorporated within each search 
protocol. 

Study selection

Identified references were uploaded to DistillerSR software 
(Evidence Partners, Ottawa, Canada) and duplicate 
publications were removed. The research team developed 
and piloted a screening tool with 20 randomly selected 
articles. The tool was iteratively refined until inter-rater 
reliability was deemed to be adequate.

Screening by title and abstract was completed in duplicate 
by two pairs of independent reviewers (SI, MK, PD, SA). 
Studies determined to meet the inclusion criteria and 
those marked as ‘unclear’ proceeded to full-text review. 
The independent reviewers then determined compliance 
with inclusion criteria for the full-text articles, again in 
duplicate, with disagreements resolved through consensus or 
a third party (CE, SB). The senior author (SB), a practising 
hyperbaric medicine physician, reviewed the list of included 
articles to determine if there were any key studies meeting 
our inclusion criteria that, to his knowledge, were missing 
from the list.

STEP 2: STATISTICAL ANALYSIS OF DATABASES

Complete search results for each database were downloaded 
as separate Endnote (Clarivate, Philadelphia, USA) files, 
and each database was then searched for the title of every 
included study to determine if the study was indexed or 
not in each database. This information was recorded and 
extrapolated in a Microsoft Excel (version 16.65, Microsoft 
Corporation, Redmond Washington, USA) spreadsheet. 
Following the same methods as previous studies, we 
recorded the database of each reference, the number 
of records identified in each database, and the number 
remaining after duplicate removal (performed within but not 
across each database).16,18,19  We descriptively summarised 
the number of RCTs that were unique to each database and 
that were unique to a combination of databases.

Analysis

For the purposes of this analysis, it was assumed that the 
number of RCTs identified by our search strategy was a 

Footnote: * Appendix 1 is available on DHM Journal's website: https://www.dhmjournal.com/index.php/journals?id=331
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reasonable approximation of the ‘true’ number of RCTs 
in existence, as is generally accepted in the systematic 
review community.20  In addition, we are confident in our 
assumption, given that our literature search used wording 
such as ‘hyperbaric medicine’ and ‘hyperbaric oxygen’ that 
are both broad and specific to the area of focus. Also, the 
MeSH term ‘hyperbaric oxygenation’ was created a long 
time ago, in 1965 (Appendix 1) .

From the search strategy of each database, we calculated 
the following:
• Sensitivity: the number of RCTs retrieved from each 

database divided by the total number of included articles 
indexed across databases11

• Precision: the number of included RCTs identified by 
a source divided by the number of both included and 
excluded citations identified by that source9

• ‘Number needed to read’ (NNR): effectively the inverse 
of precision which gives a measure of how many RCTs 
need to be screened to find one that is included9

• ‘Number unique’ refers to the number of included RCTs 
that were exclusively identified by each database7

Results

STEP 1: SCOPING REVIEW

Completion of the literature search identified 5,840 citations. 
Removal of duplicate articles resulted in 4,859 unique 
articles across the four databases utilised. After assessing 
the title and abstract of each reference against our inclusion 
criteria, 701 references proceeded to full-text screening. 
Of these, 334 articles were subsequently excluded: six 
were not in English, 217 were not RCTs, 11 studied animal 
populations or cell cultures, 39 were not original articles, 
47 were not related to HBOT, and 14 were duplicates not 
initially detected automatically. Therefore, 367 RCTs were 
included in the analysis. All the details are shown in the 
PRISMA flow chart (Figure 1).

Figure 1
PRISMA flow diagram detailing the database searches, the number of abstracts screened, and the full texts retrieved as retrieved from 

DistillerSR
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STEP 2: STATISTICAL ANALYSIS OF DATABASES

Included records for each database

The number of included records from respective databases 
are presented in Table 1. We found that CENTRAL indexed 
the highest percentage of records (87.2% total: 7.1% unique 
to CENTRAL; 80.1% unique to combination of CENTRAL 
and additional database[s]) while Medline (78.5%) and 
Embase (77.9%) still indexed the majority of included 
studies. However, CINAHL indexed only 20.4% of included 
studies. Of note, these percentages include overlap among 
databases.

Meanwhile, the total overlap among multiple databases (i.e., 
included articles indexed by more than one database) was 
85.8%, and 14.7% of included papers were indexed by all 
four databases. There were a total of 87 included articles 
indexed outside of MEDLINE, i.e., uniquely present in 
one of the other three databases or uniquely found across 
a combination of them, resulting in 23.7% of the articles 
(Table 2). Each database retrieved unique papers: MEDLINE 
(2.2%), Embase (3.0%), CENTRAL (7.1%), and CINAHL 
(1.9%). In total, 14.2% of all included papers were unique 
to a single database.

Uniqueness
status

Database(s)
Included records

(n) (%)

Unique to a
single database:

MEDLINE 8 2.2

Embase 11 3.0

CENTRAL 26 7.1

CINAHL 7 1.9

Unique to a
combination of 
databases:

MEDLINE + Embase 16 4.4

MEDLINE + CENTRAL 29 7.9

MEDLINE + CINAHL 2 0.5

CENTRAL + Embase 31 8.4

CENTRAL + CINAH 4 1.1

MEDLINE + CENTRAL + CINAHL 5 1.4

MEDLINE + Embase + CINAHL 3 0.8

MEDLINE + Embase + CENTRAL 171 46.6

MEDLINE + Embase + CENTRAL + CINAHL 54 14.7

Total 367 100.0

Table 1
Numbers of records uniquely identified by either a single database or a combination of databases. Each trial is counted only once. 
Overlapping articles are not included in the unique record count per database or database combination. As such, the number of records 
indicated for a combination of databases does not include records unique to a single database. CENTRAL – Cochrane Central Register 

of Control Trials; CINAHL – Cumulative Index to Nursing and Allied Health Literature

Database(s)
Included
records
n (%)

Embase 11 (3.0)

CENTRAL 26 (7.1)

CINAHL 7 (1.9)

Embase + CENTRAL 31 (8.4)

Embase + CINAHL 8 (1.8)

CENTRAL + CINAHL 4 (1.1)

Embase + CENTRAL + CINAHL 0 (0.0)

Total articles not found 
in MEDLINE

87 (23.7)

Table 2
Number of unique included records retrieved from outside of the 
MEDLINE database; note: each record is included only once. The 
number of records indicated for a combination of databases does not 
include records unique to a single database. CENTRAL – Cochrane 
Central Register of Control Trials; CINAHL – Cumulative Index 

to Nursing and Allied Health Literature
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Precision, and number needed to read (NNR).

MEDLINE hold the highest precision (23.8%) and lowest 
NNR (4), meaning only four papers were required to be 
screened to encounter one included paper. CINAHL held 
the lowest precision, at 5.9% and the highest NNR (17) 
(Table 3).

Discussion

No single database indexed all RCTs in HBOT. While 
CENTRAL was the most sensitive database, the majority 
of HBOT RCTs were indexed by the CENTRAL, Embase 
and MEDLINE databases. Our findings showed that almost 
a quarter (23.7%) of the HBOT RCTs in the literature are 
not indexed in MEDLINE but can rather be found in other 
commonly used databases, namely Embase, CENTRAL, and 
CINHAL. However, MEDLINE remains the most efficient 
to search, as one included paper was encountered for every 
four papers identified.

KEY FINDINGS AND INTERPRETATION

These findings offer practical evidence that can be utilised 
by a variety of stakeholders in the field of HBOT. The 
results suggest that multi-source comprehensive searches 
are necessary to identify all included RCTs in hyperbaric 
medicine. This result is similar to previous studies in other 
fields.11,13–15  Specifically, there is no singular database 
that contains all available RCTs in hyperbaric medicine, 
indicating that there is much value to searching multiple 
databases for the purpose of conducting high-quality 
systematic reviews. Therefore, researchers conducting 
systematic reviews of RCTs in hyperbaric medicine should 
not accept the risk of missing any relevant papers. Although 
our results indicate that CENTRAL indexes a large number 
of relevant articles, at minimum, researchers should conduct 
literature searches from all four electronic databases 

(MEDLINE, Embase, CENTRAL, and CINAHL) to ensure 
comprehensiveness.

Second, these results may hold alternate implications to 
clinicians, and possibly patients, who may need to quickly 
identify a concentrated number of RCTs in hyperbaric 
medicine. That is, clinicians and patients may prefer to 
identify the greatest amount of evidence in the shortest 
amount of time to inform a treatment decision, without 
the need to be totally exhaustive. With this goal in mind, 
MEDLINE proved to be the most ‘productive’ database 
to search. With a ‘number needed to read’ at about four, 
the MEDLINE database on average requires reading only 
four articles to come across one relevant article, whereas 
the number needed to read for CINAHL reached 17. 
Furthermore, although it did not identify the largest number 
of RCTs in HBOT, MEDLINE included almost 80% of all 
RCTs in HBOT.

Searching multiple databases can be difficult, time 
consuming, and costly. A search conducted in the fewest 
databases that retrieves a maximum yield of relevant trials 
and minimum yield of non-relevant trials would be ideal in 
order to reduce the time and costs associated with searching. 
Although a large proportion of HBOT RCTs were indexed 
in MEDLINE (78.5%), we did not assess the quality or the 
clinical value of the studies retrieved, and it is important to 
acknowledge that other potentially valuable RCTs may be 
indexed elsewhere. We deliberately decided to focus purely 
on identifying the extent of the literature and not to score 
the quality/value of included RCTs because scoring the 
value of any RCT must account for numerous parameters. 
This would require a separate study to be conducted. When 
interested in a specific area of hyperbaric medicine such as 
nursing protocols in a hyperbaric environment, one might 
be better off looking through the CINAHL database (nursing 
studies) instead of the MEDLINE database. Nevertheless, 
MEDLINE is available free online, while the other databases 

Database

Total number 
of references 

retrieved before 
deduplication 
and screening 

(n = 5,480)

Number
of included 

studies
retrieved 

by database 
(including 
overlap)

Sensitivity
including
overlap

(%)

Number 
unique 
n (%)

Precision 
(%)

Number 
needed to 

read

MEDLINE 1,210 288 78.5 8 (2.2) 23.8 4.2

Embase 1,780 286 77.9 11 (3.0) 16.1 6.2

CENTRAL 1,585 320 87.2 26 (7.1) 20.2 5.0

CINAHL 1,265 75 20.4 7 (1.9) 5.9 16.9

Table 3
Results of the various types of searches for HBOT RCTs; yellow cells indicate the best results among the searched databases for each 
category. CENTRAL – Cochrane Central Register of Control Trials; CINAHL – Cumulative Index to Nursing and Allied Health Literature
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searched require institutional subscriptions, which may not 
be available to all clinicians depending on their institutions 
and likely are not accessible to most patients. Thus, for 
a cost-effective overview and readily accessible search 
capability, MEDLINE may still be preferable.

Given MEDLINE indexes publications from all areas of 
biomedicine, it may not be entirely surprising that it found 
the vast majority of RCTs in HBOT. Conversely, CINAHL 
includes publications related to nursing and health, along 
with other topics such as behavioural sciences, education 
and health administration, and logically found only 20% of 
papers included in this study. While Embase is a European-
oriented database, it includes the field of biomedicine with 
primary areas of focus being toxicology and drug literature. 
CENTRAL combines multiple sources and focuses on high-
quality evidence and is generally considered to be among 
the richest sources of trials.10 It indeed identified the largest 
number of papers included in our study (87.2%), but at the 
expense of more ‘noise’ (i.e., less precision - more non-
included papers) than MEDLINE.

STRENGTHS AND LIMITATIONS

The strength of this study is that it offers a methodological 
insight for conducting systematic reviews of RCTs in 
hyperbaric medicine. This work will help authors of future 
systematic reviews of RCTs to optimise their resources and 
may also help clinicians and possibly patients to optimise 
efficiency when evidence is needed within a limited 
timeframe.

The study has several limitations. First, we included a limited 
number of databases. Nevertheless, these databases have 
been carefully selected due to their wide use, particularly 
in healthcare, and large indexation coverage. Second, 
indexation of journals in databases is susceptible to change 
over time. We intended an exploratory decade-by-decade 
analysis for each database to account for this risk. We 
found that the number of studies was minimal for most 
databases and decades (often less than 10). Therefore, we 
decided not to conduct the decade-by-decade analysis as we 
believed that it would have been misleading in calculation 
of sensitivity, ‘number needed to read’ and precision for 
each decade and database. However, given the overall low 
frequency of journal indexation changes, we believe that 
the potential impact on our results is only marginal, at 
most. Third, our results are specific to the literature search 
algorithm we developed, and we assumed that the average 
clinician or patient can formulate a search in the same way 
as that used in this paper. Although the words used in our 
search were basic and intuitive (e.g., hyperbaric oxygen, 
randomised), we cannot know for certain what the results 
might be with searches conducted by other individuals. 
However, the terminology of hyperbaric oxygen treatment 
is very specific and was established decades ago (e.g., the 
MESH term ‘Hyperbaric Oxygenation’ was introduced in 
1965). Therefore, there is limited risk of obtaining different 

results with minor variations in the literature search strategy. 
Fourth, while including only English-language publications 
may introduce some degree of bias, this is unlikely to 
affect the results of this study. Evidence suggests that using 
language restrictions in systematic reviews in medicine does 
not introduce systematic bias.19  Further, trials not published 
in English tend to be difficult to locate and access, and 
published outside of the databases included here.21

Conclusions

With all aspects considered, to ensure comprehensiveness 
and accuracy, systematic reviews of RCTs in hyperbaric 
medicine should always search multiple databases, which at 
minimum should include MEDLINE, Embase, CENTRAL, 
and CINAHL.
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Abstract
(Ozgok Kangal K, Mirasoglu B. Hyperbaric oxygen treatment for infants: retrospective analysis of 54 patients treated 
in two tertiary care centres. Diving and Hyperbaric Medicine. 2024 31 March;54(1):9−15. doi: 10.28920/dhm54.1.9-15. 
PMID:38507905.)
Introduction: We aimed to analyse the outcomes of hyperbaric oxygen treatment (HBOT) and describe difficulties 
encountered in infants, a rare patient population in this therapeutic intervention, with limited scientific reports.
Methods: This was a retrospective analysis of patients 12 months old or younger who underwent HBOT in two different 
institutions. Demographic data, clinical presentation, HBOT indication, chamber type, oxygen delivery method, total number 
of treatments, outcome and complications were extracted from clinical records.
Results: There were 54 infants in our study. The patients’ median age was 3.5 (range 0–12) months. The major HBOT 
indication was acute carbon monoxide intoxication (n = 32). A total of 275 HBOT treatments were administered, mostly 
performed in multiplace chambers (n = 196, 71%). Only one patient (2%) required mechanical ventilation. Acute signs 
were fully resolved in the most patients (n = 40, 74%). No complications related to HBOT were reported.
Conclusions: This study suggests that HBOT may be a safe and effective treatment for infants. Paediatricians should 
consider HBOT when indicated in infants even for the preterm age group.

Introduction

Hyperbaric oxygen treatment (HBOT) has been widely used 
for several conditions such as acute carbon monoxide (CO) 
intoxication, arterial gas emboli, impaired wound healing, 
and peripheral/traumatic ischaemic conditions.1  Some of 
these conditions are also common in the paediatric age 
group and referral of these patients for HBOT has been 
increasing in recent decades.2–6  A retrospective study 
reported favourable outcomes in 93% of the 139 children 
who underwent HBOT, mostly for acute CO intoxication.5  
Two consecutive Australian studies in which outcomes 
were not analysed, described safe administration of HBOT 
in paediatric patients treated mainly for acute ischaemic 
conditions and severe infections.3,4  Although some 
paediatric series may involve patients under one year of age, 
data on this group are lacking.3–5  Use of HBOT in neonates 
and infants remains very limited, and reports regarding its 
use in this patient population are scarce except for a few 
encouraging case reports and case series. Remarkably, 
HBOT is used only to treat acute indications like peripheral 
ischaemic conditions and acute CO intoxication in all 
these reports.7–15  It is recognised that treating neonates 
involves difficulties such as the need for an accompanying 
caregiver, technical issues about administration of treatment 

or providing appropriate environmental conditions in the 
hyperbaric chambers.16

Scarcity of evidence about the efficacy and safety of HBOT 
in this age group together with challenges of managing a 
neonate in a hyperbaric chamber perhaps cause hesitation 
and reluctance in HBOT referrals. In view of the potential 
benefits of HBOT in this age group, the need for related 
studies arises. In this regard, we aimed to share our 
experience in treating neonates, particularly in respect of 
HBOT outcomes and any difficulties encountered. To our 
knowledge, this is the first study specifically evaluating 
HBOT use in patients younger than one year of age.

Methods

This study was approved both by the Ethical Committees 
of University of Health Sciences – Gulhane Faculty of 
Medicine (approval number and date: 2020/06; April 19th, 
2020) and Istanbul University Istanbul Faculty of Medicine 
(approval number and date: 508161; September 30th, 2021).

The present study is a retrospective analysis of neonates 
and infants who underwent HBOT in two university 
hospitals. Both institutions serve as referral HBOT centres 
in two different Turkish metropolises, Ankara and Istanbul. 
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Patients who were 12 months old or younger and treated 
between January 1st, 2013 and October 31st, 2019 in 
Gulhane Research and Training Hospital (Gulhane RTH) and 
between January 1990 and March 2021 at Istanbul Faculty 
of Medicine (Istanbul FM) were included in the study.

Demographic data, medical history, clinical presentation, 
HBOT indication, chamber type, oxygen delivery method, 
total number of HBOT sessions, HBOT outcome, 
complications related to HBOT and other treatment modalities 
during HBOT were documented from patient medical files. 
For acute CO intoxication cases, carboxyhaemoglobin 
(COHb) levels at referral and delay in HBOT initiation (from 
onset of intoxication signs) were also recorded.

The age groups were identified as ‘neonates’ (< 28 days) and 
‘infants’ (28 days – 12 months). The patients were classified 
into two major groups with regard to the conditions they were 
treated for: ‘acute CO intoxication patients’ and ‘patients 
with complicated wound-related problems’. 

The acute CO intoxication patients were further grouped 
as ‘mild’, ‘moderate-severe’ and ‘severe’ based on the 
clinical severity at the time of referral. ‘Mild’ refers to 
discomfort, vomiting, difficulty in breastfeeding whereas 
patients with a minimum one end-organ injury including 
cardiological, neurological, respiratory or metabolic were 
recorded as ‘moderate-severe’. The patients who required 
treatment with inotropic drugs, mechanical ventilation, 
or having multiorgan failure were defined as the ‘severe’ 

group. HBOT was continued until the resolution of all signs 
in a maximum of five sessions. At the end of the HBOT 
course, all parents were routinely informed about delayed 
neurological sequelae (DNS) after CO intoxication. They 
were also warned to present to the Department of Paediatrics 
or Department of Underwater and Hyperbaric Medicine 
as soon as possible if they had any suspicion about DNS 
development in their infant, and to inform their physicians 
about the acute CO intoxication history. 

The complicated wound related problems group comprised 
of non-healing wounds, compromised flaps/grafts and acute 
peripheral ischaemia related problems.

Treatment outcomes were reported as ‘full-clinical 
resolution’, ‘partial-recovery’, and ‘no-recovery’ for all 
conditions treated. The definition of each treatment outcome 
group with regard to the condition treated is presented in 
Table 1. Treatment outcomes were evaluated with clinical 
status, related laboratory parameters and wound photos 
regularly recorded. No long-term follow-ups were included 
in this study; the patients’ clinical status was evaluated at the 
end of the HBOT course for outcome classification.

One monoplace (Hipertech, MON-08, 2014) (Hipertech, 
Başakşehir/İstanbul Turkey) and one multiplace HBOT 
chamber (Hipertech ZYRON 12, 2008) were available 
in Gulhane RTH whereas in Istanbul FM the treatments 
were performed in two different multiplace chambers (a 
Patterson Kelly 1944 chamber between 1990 and 1997, 

HBOT indication Full clinical resolution Partial recovery No-recovery

Acute carbon monoxide 
intoxication

Resolution of all signs 
and symptoms in 

maximum five sessions

Residual symptoms 
after fifth HBOT session

No relief of the signs or 
symptoms after the fifth

 HBOT session, or
death

Non-healing wounds
Complete wound

 closure

50% or more reduction
 of wound size and

 relief of infection signs
 (redness, swelling, pus, 

pain)

No change in wound 
size or an increase in
 wound size, or death

Peripheral ischaemia
related problems

Complete resolution 
of cyanosis/tissue 

ischaemia

Partial resolution of 
cyanosis/tissue ischemia 
with minimal necrosis 
or minor amputation* 

with recovered cyanotic/
ischaemic tissues

Complete necrosis of 
the cyanotic/ischemic

 tissues or major 
amputation,* or death

Grafts/Flaps
Complete survival of 

the graft/flap
Survival of at least 50% 

of the graft/flap
Survival of less than 
50% of the graft/flap

Table 1
The definitions of treatment outcome classifications according to medical condition groups; *amputation below the ankle joint level is 
defined as a ‘minor amputation’, while an amputation above the ankle is defined as a ‘major amputation’. HBOT –  hyperbaric oxygen 

treatment
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and a Hipertech ZYRON 12 after 2008). Infants were 
not treated between 1997 and 2008 in Istanbul FM due to 
unavailability of chambers. In Gulhane RTH, patients who 
had emergency conditions and did not require continuous 
monitoring were preferably treated in the monoplace 
chamber with an accompanying parent. The monoplace 
chamber was pressurised with 100% oxygen, so patients 
breathed ambient oxygen. In multiplace chambers, oxygen 
was administered via an infant face mask (Figure 1) or 
hood unless the patient was intubated. A special baby 
incubator was used for neonates after 2019 in Istanbul FM 
(Figure 2). An inside attendant was present during 
all treatments. Treatment protocols are depicted in 
Figures 3 and 4.

Thermoregulation was provided by covering the baby with 
multilayer cotton sheets. In Istanbul FM, heated Mediflex® 
bags were also placed under the sheets in the special 
baby incubator. Special care was given to avoid direct 
contact between mediflex bags and the patient. Feeding 
was continued inside the chamber during the air breaks if 

necessary. Pacifier use was encouraged during compression 
and decompression for enabling middle ear equalisation. 
Patients who showed signs of discomfort during compression 
or decompression were examined for middle ear barotrauma 
by a paediatric specialist after the session.

All patients were evaluated by at least one hyperbaric 
medicine specialist in both centres in terms of HBOT need. 
The European Committee for Hyperbaric Medicine (ECHM) 
and the Undersea and Hyperbaric Medicine Society (UHMS) 
recommendations were followed.1,17  The daily and total 
numbers of HBOT treatments were determined on a case 
by case basis. For acute CO intoxications, HBOT treatments 
were continued until no further clinical improvement was 
observed (maximum five treatments). The patients with 
complicated wound related problems were recommended 
to continue HBOT until achieving complete wound closure 
or complete granulation of the wound bed (ready for graft/
flap). HBOT was discontinued if no change was observed 
for two weeks or amputation was required. For acute 
peripheral ischaemic tissues, HBOT was continued until 

Figure 1
The infant face mask

Figure 2
The baby incubator used for neonates inside the multiplace 

hyperbaric chamber

Figure 3
The treatment protocol for monoplace chambers which involved 
breathing 100% oxygen at 203 kPa (2.0 atmospheres absolute [atm 
abs]) for 75 minutes (10 minutes compression, 55 minutes at 2.0 

atm abs, 10 minutes decompression)

Figure 4
The treatment protocol for multiplace chambers in which 100% 
oxygen was administered at 243 kPa (2.4 atmospheres absolute 
[atm abs]) for 115 minutes (15 minutes compression; three 
25-minute oxygen periods separated by five-minute air breaks; 15 

minutes decompression)
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the demarcation line became evident if total healing was 
not observed.

Data analysis was performed using SPSS Statistics Version 
21 (IBM Corp., Armonk NY, USA). Demographic and 
descriptive data were reported as n (%) and mean (standard 
deviation) where appropriate. Non-normally distributed data 
were reported as median (range). The Kolmogorov Smirnov 
test was performed to determine the normal distribution 
of continuous variables with data greater than 50, or the 
Shapiro-Wilk test was preferred for continuous variables 
with data less than 50.

Results

There were 54 infants in our study. The patients' median age 
was 3.5 months (range 2 days to 12 months), two neonates 
being premature. The demographic data are presented in 
Table 2. Thirty-one patients (57%) were treated at Gulhane 
RTH and 23 (43%) were treated at Istanbul FM. The major 
HBOT indication was acute CO intoxication (n = 32). A 
total of 275 treatments were administered in two institutions. 
The majority of HBOT treatments (n = 196, 71%) were 

performed in multiplace chambers. The hyperbaric 
chamber type and oxygen delivery methods are presented in 
Table 2. The median HBOT treatment number per patient 
was one (range one to 48). Most patients (n = 40, 74%) fully 
recovered. No complications were reported during HBOT 
treatments in both institutions.

PATIENTS WITH ACUTE CO INTOXICATION

The median age of 32 patients treated for acute CO 
intoxication was 5 months (range 3 days to 12 months). The 
median number of treatments was one (range one to five). 
The mean COHb level at presentation was 22.6% (SD 9.3%), 
and the mean delay time for HBOT was 4.6 (SD 1.9) hours. 
The majority (56%) of the patients had moderate-severe 
clinical severity at referral. Twenty-five patients (79%) had 
an electrocardiogram (ECG) recorded all of which were 
reported to be normal. Fourteen patients (44%) had elevated 
cardiac enzymes at the emergency department admission. 
Only one patient needed mechanical ventilation and was 
unconscious during the HBOT initiation. His condition did 
not change at the end of the HBOT course.

Parameter
Overall data

n (%)

Acute carbon 
monoxide 

intoxication
n (%)

Complicated 
wound related 

problems
n (%)

Age classification (n = 53)

Neonates (< 28 days) 15 (28.3%) 6 (18.8%) 9 (42.9%)

Infants (28 days – 12 months) 38 (71.7%) 26 (81.3%) 12 (57.1%)

Sex (n = 51)

Male 30 (58.8%) 17 (56.7%) 13 (61.9%)

Female 21 (41.2%) 13 (43.3%) 8 (38.1%)

Chamber (n = 54)

Monoplace 25 (46.3%) 20 (62.5%) 5 (22.7%)

Multiplace 29 (53.7%) 12 (37.5%) 17 (77.3%)

Oxygen delivery (n = 50)

Ambient oxygen* 25 (50%) 20 (62.5%) 5 (27.8%)

Hood 12 (24%) 10 (31.3%) 2 (11.1%)

Specialised baby incubator 6 (12%) 0 6 (33.3%)

Face mask (infant size) 6 (12%) 1 (3.1%) 5(27.8%)

Endotracheal tube 1 (2%) 1 (3.1%) 0

Outcomes (n = 53)

Full clinical resolution 40 (75.5%) 31 (96.9%) 9 (42.9%)

Partial-recovery 8 (15.1%) 0 8 (38.1%)

No-recovery 5 (9.4%) 1 (3.1%) 4 (19.0%)

Table 2
Demographic data of infants, chamber type, oxygen delivery methods and treatment outcomes; *chamber is pressurised with 100% 

oxygen (only in monoplace chambers)
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PATIENTS WITH COMPLICATED WOUND RELATED 
PROBLEMS

Twenty-two infants were treated for complicated wound 
related problems (Table 3). Their median age was 1 month 
(range 2 days to 12 months), two neonates being premature.. 
The mean delay time for HBOT was 5.6 (SD 4.5) days. The 
median number of treatments was 11 (range two to 48).

The medical history was unremarkable only for six patients 
(27%). All other infants had diagnosed comorbidities 
including meningomyelocele, hydrocephalus, anti-
phospholipid syndrome, undefined vasculitis, Wiskott-
Aldrich Syndrome, Fallot tetralogy, ventricular septal defect, 
intrauterine sepsis and hypoxia, purpura fulminans, flexor 
tenosynovitis and post-coronavirus disease complications. 
The wound/ischaemia localisations of the infants were 
recorded as lower extremity (n = 9), upper extremity 
(n = 5), back (n = 4), penis (n = 2), sternum (n = 1) and 
whole body (n = 1).

Two patients had surgical debridement during the course of 
their HBOT; one patient underwent a graft operation, three 
patients underwent minor amputations (toe amputation in 
two, and finger amputation in one) and two others underwent 
major amputation (one below-knee amputation, and one 
above-knee amputation). One patient did not complete the 
recommended HBOT schedule. The treatment outcomes of 
the patients (n = 21) are presented in Table 2.

Discussion

Infant patients arguably present the most unique challenges 
for HBOT physicians. Referrals are few in number and 
consequently there is little experience reported in the 
literature. In this study, the characteristics and treatment 
outcomes of infant patients who underwent HBOT were 
analysed. A total of 275 HBOT treatments were administered 
either in monoplace (n = 79) and multiplace chambers 
(n = 196) to 54 infants in two tertiary care institutions. Most 
of the patients (n = 40, 74.1%) completely recovered and 
no complications were reported during HBOT treatments.

Although many of the accepted HBOT indications are 
also relevant to the infant age group, common conditions 

for which infants receive HBOT may vary from adults. 
Delayed radiation injury and complicated wounds have 
been reported as the most common HBOT indications for 
adults.18  However, emergency conditions come to forefront 
in paediatric series. Acute CO intoxication and acute 
peripheral ischaemia also involving purpura fulminans, 
limb ischaemia, critical ischaemia of the glans penis after 
circumcision are reported to be the most common indications 
in the  paediatric population.4,5,7–10,15  In our study, the most 
common HBOT indications were acute CO intoxication 
(n = 32) and acute peripheral ischaemia (n = 15) similar 
to other published infant case series.7–15  There are 
promising clinical studies on neonatal hypoxic ischaemic 
encephalopathy and case reports on necrotising enterocolitis 
of the neonate but no patients with these conditions were 
referred for HBOT in this study.14,19,20  Since these patients 
mostly need advanced life support and the evidence of 
efficacy is scarce, paediatricians may be unwilling to suggest 
HBOT for this critically ill patient group.14  In contrast, 
our cohort included two compromised flap cases and an 
epidermolysis bullosa case which were not reported to be 
treated with HBOT in this age group before.

Although available published data on infant patients 
receiving HBOT is limited, their outcomes seem favorable. 
One study reported full clinical resolution of 13 acute CO 
poisoning patients among 14 infant patients treated with 
HBOT.11  Similarly, two other case reports recorded complete 
clinical resolution with HBOT in acute CO intoxication.12,13  
In our study, the majority of the acute CO poisoning patients 
(96.9%) had full clinical resolution, however, the complete 
clinical recovery rate in the complicated wound related 
problem group was 40.6%. Most of the complicated wound 
related problem patients (68.2%) were treated for acute 
peripheral ischaemia which is an emergent HBOT indication. 
A promptly initiated frequent HBOT schedule may provide 
better outcomes in this group.7  One publication reported 
a full term neonate with pale bluish discoloration starting 
at the upper thigh due to severe arterial thromboemboli in 
the lower extremity, who was referred for HBOT at the 
7th day following onset and the outcome was below knee 
amputation.15  In contrast, our own group reported complete 
recovery in an infant who was born with total brachial artery 
occlusion and severe limb ischaemia. In that case, HBOT 
was started much earlier (at the 48th postnatal hour) and 
continued with an intense schedule.7  Similarly, another 
group reported different outcomes seemingly related to delay 
in initiating HBOT in two cases of glans penis ischaemia 
following circumcision.10  Collectively, these reports suggest 
that delay in HBOT may significantly affect the outcome 
in acute ischaemic conditions. In the present study, the 
complicated wound-related problem group had relatively 
long delay times for HBOT which might have contributed 
to the low clinical resolution rates in this patient group. Lack 
of awareness, and doubts about safety and effectiveness of 
HBOT among paediatricians may be leading to delayed 
HBOT referrals of infants.

Table 3
The detailed classification of medical conditions grouped as 

'complicated wound related problems'

Medical conditions n (%)

Post-operative non-healing wound 3 (13.6%)

Compromised flaps/grafts 2 (9.1%)

Epidermolysis bullosa 1 (4.5%)

Acute peripheral ischaemia 15 (68.2%)

Soft tissue infection 1 (4.5%)
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The major controversy for infants is the possibility of adverse 
events during HBOT. Central nervous system oxygen 
toxicity, pulmonary oxygen toxicity and retinopathy of the 
premature (ROP) are the most feared complications related 
to HBOT in infancy. However, no adverse events related 
to HBOT were reported in infants either in our study or 
in the available literature.7,9,10,21  The lack of information 
about oxygen toxicity in infants may have hindered the 
application of HBOT in these patients. The literature on ROP 
and HBOT is scarce and limited to animal studies. Most of 
them do not present any evidence regarding the relationship 
between ROP and HBOT.14,22–24  Only in one experimental 
study (using rats) was retinal vascular density significantly 
increased in the HBOT-exposed group.  Nevertheless, their 
HBOT treatment table, in which rats were exposed to 506 
kPa (5 atm abs) oxygen, involved a much higher oxygen dose 
compared to currently utilised clinical HBOT protocols.25  
Therefore, no convincing association between HBOT and 
ROP in human premature neonates or neonates has been 
proven. Likewise, a 25-day old neonate, who was born 
in the 32nd week of gestational age, defined as moderate 
preterm, underwent 16 HBOT treatments without evidence 
of ROP in our study. The patient was examined by an 
ophthalmologist before the first HBOT session, at the end of 
the HBOT schedule and two weeks after HBOT was ended. 
Still, infants with ROP risk should be examined before and 
after HBOT and continued to be regularly followed up by 
an ophthalmologist.6

Thermoregulation and thermoprotection may become 
significant challenges for infants during HBOT.6 Newborns, 
particularly preterm and low-birth-weight neonates, have 
limited capacity for thermoregulation. Environmental 
temperature fluctuations can lead to considerable thermal 
stress in infants and both hypothermia and hyperthermia can 
lead to significant morbidity and mortality.26  As temperature 
fluctuations may be inevitable inside an HBOT chamber, 
maintaining a stabilised thermoneutral environment can 
be challenging during HBOT treatments. Therefore, 
additional protective measures may need to be considered. 
No complications related to thermal stress were reported 
in either of our institutions where simple actions like 
covering the baby with additional sheets were utilised. Also, 
specialised devices like the hyperbaric chamber compatible 
baby incubator that was successfully used in Istanbul FM 
may be developed with the increased need.

Transportation related risks should also be carefully 
considered for patients who require long distance transfer 
for each HBOT session. Indeed, extubation and periods of 
hypotension periods have been reported during transport 
for HBOT in paediatric patients.2,3  Another important 
drawback related to transport may be an increased risk of 
intraventricular haemorrhage for preterms due to immature 
fragile vessels.27  We did not encounter any complication 
during transportation.

The major limitation was the absence of long-term follow-
up, which is particularly significant for acute CO intoxication 
cases in which there is a recognised risk of delayed 
neurological sequelae. Due to the study’s retrospective 
nature, data on long-term follow-up were not available. 
Thus, this study aimed to evaluate acute responses to HBOT 
as all infant cases with many HBOT indications have been 
included and evaluated together. The long-term outcomes 
of HBOT for acute CO intoxication in infants are beyond 
the aim of this study.

To our knowledge, this is the largest study presenting 54 
infants treated with HBOT. We report experience from 
two HBOT facilities with both multiplace and monoplace 
chambers, thus providing a broad clinical perspective. 
The scientific data on HBOT use in this age group is 
limited. More HBOT research is required in the paediatric 
population. However, conducting prospective controlled 
studies is challenging for ethical reasons.

Conclusions

This study suggests that HBOT is a safe and effective 
treatment modality for infants. Paediatricians should consider 
HBOT in centres with appropriate clinical experience in 
the delivery of HBOT to infants. Paediatricians would 
be correct to hesitate to refer in centres not appropriately 
equipped/trained for the delivery of HBOT to infants. 
Close collaboration between paediatric and the hyperbaric 
medical teams and improving technical availabilities of 
HBOT facilities for infant patients would result in improved 
outcomes. This study may guide hyperbaric physicians in 
their clinical care of infant patients as well as future scientific 
studies.
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Abstract
(Bulutlar E, Yilmaz A, Uluutku Bulutlar GB, Aslan Y, Bozdağ HN, Küçükodaci Z. Effect of hyperbaric oxygen treatment 
on ischaemia-reperfusion injury in rats detorsioned after experimental ovarian torsion. Diving and Hyperbaric Medicine. 
2024 31 March;54(1):16−22. doi: 10.28920/dhm54.1.16-22. PMID: 38507906.)
Introduction: This study aimed to investigate whether hyperbaric oxygen treatment (HBOT) could ameliorate ischaemia-
reperfusion injury in a rat model of ovarian torsion-detorsion.
Methods: Twenty-seven rats were divided among four groups: surgical sham rats (S) (n = 6) underwent identical anaesthesia 
and surgical incisions to other groups (n = 7 per group) but with no ovary intervention; torsion rats (T) underwent laparotomy, 
ovarian torsion, relaparotomy and sacrifice after three hours; torsion and detorsion rats (T/DT) underwent laparotomy, ovarian 
torsion (three hours), relaparotomy and detorsion, and sacrifice after one week; torsion, detorsion, hyperbaric oxygen rats 
(T/DT/HBOT) underwent laparotomy, ovarian torsion, relaparotomy and detorsion, and sacrifice after one week during 
which HBOT was provided 21 times (100% oxygen at 600 kPa for 50 min). In all groups blood collection for markers of 
oxidative stress or related responses, and ovary collection for histology were performed after sacrifice.
Results: When the T/DT, and T/DT/HBOT groups were compared, 8-hydroxy-2′-deoxyguanosine (a marker of oxidative 
damage to DNA) and malondialdehyde (a product of lipid peroxidation) levels were lower in the T/DT/HBOT group.  
Anti-Mullerian hormone levels were higher in the T/DT/HBOT group compared to the T/DT group. In addition, 
oedema, vascular occlusion, neutrophilic infiltration and follicular cell damage were less in the T/DT/HBOT group 
than in the T/DT group.
Conclusions: When biochemical and histopathological findings were evaluated together, HBOT appeared reduce ovarian 
ischaemia / reperfusion injury in this rat model of ovarian torsion-detorsion.

Introduction

Ovarian torsion may be defined as the impairment of 
ovarian perfusion and occurrence of ischaemic changes, 
as a result of rotation of the ovary around the infundibulo-
pelvic and utero-ovarian ligament.1,2  Since the majority of 
the cases occur in the reproductive period, the protection 
of ovarian function is extremely important in terms of 
fertility and women’s health in general. Historically, the 
standard treatment for ovarian torsion has been salpingo-
oophorectomy on the affected side, due to concerns about 
the risk of thromboembolism. However, in observational 

studies, it has been noted that ovarian function continued 
in cases where detorsion had been undertaken.3

Minimising ischaemia-reperfusion injury in detorsion cases 
in which ovarian tissue is preserved has become a new 
area of interest amongst clinicians and scientists.3–5  We 
have not been able to identify reports of hyperbaric oxygen 
treatment (HBOT) being used in this context. The promising 
results of HBOT in testicular torsion,6–9 which has similar 
mechanisms as cases of ovarian torsion, inspired this study.  
Should HBOT prove beneficial in vivo, this might justify a 
clinical study.
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Methods

The study was approved by the Ethics Committee of Animal 
Experiments in the Health Sciences University of Hamidiye 
(approval number 46418926-605.02).

ANIMALS

Twenty-seven female Sprague-Dawley rats of about four 
months age, weighing 200–250 g, were used. Experimental 
design elements suggested by ARRIVE guidelines 2.0 were 
followed.10

ANAESTHESIA

For surgical interventions anaesthesia was provided 
intraperitoneally with 80 mg·kg-1 ketamine hydrochloride 
and 20 mg·kg-1 xylazine hydrochloride. Where necessary, 
ketamine (25 mg·kg-1) was repeated (based on checking 
reflex responses) to keep the anaesthesia depth of the rats 
constant.

PROCEDURE

The rats were divided into four groups: In the surgical 
sham group (S), six rats’ laparotomy incisions were closed 
after the uterus and adnexa were seen. After three hours 
relaparotomy was performed and bilateral ovaries were 
removed. In the torsion group (T) (n = 7), rats underwent 
laparotomy, exposing the ovaries which were tied with 5/0 
polydioxanone suture approximately 1 cm below the adnexal 
structure containing the tubal and ovarian vessels, in order 
to create an ovarian ischaemia model. Three hours after skin 
closure, both ovaries were removed by relaparotomy. Both S 
and T groups were sacrificed after blood and tissue samples 
were taken at relaparotomy. In the torsion/detorsion group 
(T/DT) (n = 7) after performing the ischaemia intervention 
as above, the ovaries were reperfused by suture removal 
during relaparotomy at the third hour. The rats were housed 
in their cages for one week without any other treatment. 
In the torsion/detorsion/hyperbaric oxygen (T/DT/HBOT) 
group (n = 7) rats underwent an identical procedure to the 
T/DT group but subsequently underwent HBOT sessions 
for one week (as below), in a pressure chamber designed 
for animals.

The HBOT protocol was designed in accordance with 
previous literature relevant to our study.11  That study 
investigated the effect of HBOT (1,000 kPa) in testicular 
torsion in rats. In the present study we restricted the 
treatment pressure to 600 kPa (absolute). In our protocol, 
the pressure was increased to 600 kPa over 10 min and 
maintained for 50 min using oxygen. Compression began 
slowly to minimise discomfort. Thereafter, decompression 
was conducted linearly to ambient pressure at a rate of 
200 kPa·min-1. The chamber underwent continuous 
ventilation to avoid accumulation of carbon dioxide. In the 
first two days following surgery, four sessions of 50 minutes 

were applied. On the 3rd, 4th, and 5th days, three sessions 
of 50 minutes each were applied. On the 6th and 7th days, 2 
sessions of 50 minutes were applied.12  That is, 21 sessions 
of HBO were given over seven days, and the daily treatment 
sessions program can be summarised as 4/4/3/3/3/2/2.7,12  
At the end of the 7th day, both ovaries were removed by 
relaparotomy and blood samples taken after which the rats 
were sacrificed.

Blood samples underwent enzyme-linked immunosorbent 
assay (Bioassay Laboratory brand trade kit, China) conducted 
by staff unaware of group allocations. Five assays were 
conducted: 8-hydroxy-2′-deoxyguanosine (8-OHDG), one 
of the oxidative damage products when reactive oxygen 
species damage DNA;13 malondialdehyde (MDA), a product 
of lipid peroxidation (higher levels indicate a greater degree 
of oxidative damage);14 superoxide dismutase (SOD), the 
only enzyme in the organism that utilises the superoxide 
free radical as a substrate (an increase indicates antioxidant 
capacity as well as indirectly indicating the mitochondrial 
extent of oxidative damage); glutathione peroxidase (GSH-
Px), found in the cell cytoplasm (an increase protects cells 
against oxidative damage caused by H

2
O

2
);15  and anti-

Mullerian hormone (AMH), an ovarian hormone (a decrease 
indicates a decrease in ovarian reserve).16

The ovarian tissues were fixed in 10% formaldehyde for 
24 hours after which 4 µm sections were prepared from 
paraffin blocks and stained with hematoxylin eosin (H&E). 
The sections were examined with a light microscope for 
ischaemia-reperfusion injury and the results were evaluated 
semi-quantitatively as 0 – no damage, 1 – mildly damaged, 
2 – moderately damaged, 3 – severely damaged, in respect 
of oedema, follicular cell damage, vascular congestion, 
haemorrhage, neutrophil infiltration and cohesion failure. 
The examining pathologist was blinded to group allocation.

STATISTICAL ANALYSIS

The ‘E value’ method was used to determine the number of 
animals to be used in our study. According to this analysis, 
the E value should be between 10 and 20.17  The E value 
(effectively the degrees of freedom for analysis of variance) 
was calculated from total number of animals – total number 
of groups. Assuming use of six rats per group in four groups, 
one of which is the control group, the total number of animals 
needed was 24 and the E value was 24-4 = 20.17

Statistical analyses were undertaken with the Statistical 
Package for Social Sciences, version 22.0 (SPSS Inc, 
Chiago, III, USA). Individual group biochemical parameters 
were assessed with the 1-sample Kolmogorov-Smirnov 
Z test and found normally distributed. The data were 
therefore expressed as means and standard deviations (SD). 
Analysis of variance was performed on the biochemical 
data to examine differences among groups. If a significant 
group effect was found, a Tukey honestly significant 
difference (HSD) test was used to identify the location of 
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differences between groups. Statistical significance was 
defined as P < 0.05. Tissue damage scores were compared 
by nonparametric analysis, and statistical significance was 
assessed by Kruskal-Wallis followed by a Bonferroni-
corrected Mann-Whitney U test.

Results

8-OHDG VALUES

The one-way ANOVA test showed a statistically significant 
difference between the mean 8-OHDG levels of the 
groups (P < 0.05). The values in the T/DT/HBOT group 
were significantly decreased compared to the T/DT group 
(2.42 [SD 0.54] vs 2.79 [0.43] ng.ml-1), P < 0.05. Group 
T had the lowest data compared to the other three groups 
1.28 (0.17) ng.ml-1 (Figure 1).

MDA VALUES

The one-way ANOVA test showed a statistically significant 
difference between the mean MDA levels of the groups 
(P <0.05). The values in the T/DT/HBOT group were 
significantly decreased compared to the T/DT group (1.20 
[0.19] vs 2.03 [0.59] nmol.ml-1), P < 0.05. In addition, the 
significantly lower value in Group T compared to Group T/
DT (0.76 [0.24] vs 2.03 [0.59] nmol.ml-1), P < 0.05 showed 
that reperfusion injury was more prominent than ischaemic 
injury (Figure 2).

GSH-PX VALUES

The one-way ANOVA test showed a statistically significant 
difference between the mean GSH-Px levels of the groups (P 
< 0.05). The values in the T/DT group were higher compared 
to the T/DT/HBOT group (142.74 [28.22] vs 98.37 [42.99] 
U.ml-1) but the difference was statistically insignificant (P = 
0.085). While the differences between the other three groups 
were statistically insignificant, the significant decrease in 
the torsion-only group (T) was considered an interesting 
result. (Figure 3).

SOD VALUES

The one-way ANOVA test showed a statistically 
significant difference between the mean SOD levels of 
the groups (P < 0.05). Similar to the GSH-Px result, 
the only result significantly different from the other 
groups was the low value in the torsion-only group (T) 
(0.94 [0.11] ng.ml-1). The differences between the other three 
groups were statistically insignificant (P = 0.833) (Figure 4).

AMH VALUES

The one-way ANOVA test showed a statistically significant 
difference between the means of the AMH levels of the 
groups (P < 0.05). The highest AMH value was found in 

Group S, and the lowest AMH value was found in Group 
T (Figure 5). One potentially exciting finding was that the 
AMH value in Group T/DT/HBOT was higher than Group 
T/DT (2.95 [0.56] ng·ml-1 vs 2.10 [0.97] ng.ml-1) although 
this difference was not statistically significant.

PATHOLOGICAL ANALYSIS OF OVARIAN TISSUE

The histopathological damage grades are summarised in 
Table 1.

Oedema

No oedema was found in Group S. Severe oedema was 
observed in Group T/DT, while moderate oedema was 
observed in Group T/DT/HBOT and Group T. The increased 
oedema in Group T/DT was significantly greater than in 
Group T/DT/HBOT and Group T (P < 0.05).

Vascular congestion

Relatively mild vascular congestion was seen in Group S, 
with the most severe congestion seen in Group T/DT. Severe 
vascular congestion was also observed in Group T. Vascular 
congestion in Group T/DT/HBOT was significantly less than 
both Group T/DT and Group T (P < 0.05).

Neutrophil infiltration

No neutrophilic infiltration was observed in Group S. While 
severe infiltration was observed in Group T/DT and Group 
T, mild infiltration was observed in Group T/DT/HBOT 
and these differences with other groups were statistically 
significant (P < 0.05) (Figure 6).

Follicular cell damage

Follicular damage was not seen in Group S and Group T. 
Moderate damage was observed in Group T/DT, while mild 
damage was observed in Group T/DT/HBOT.

Haemorrhage

No haemorrhage was observed in Group S. Moderate 
haemorrhage was observed in the right ovary of only one 
rat in Group T. This has been interpreted as a surgical 
complication. Although the haemorrhage seen in Group 
T/DT was higher than seen in Group T/DT/HBOT, 
this difference was statistically insignificant (P = 0.71) 
(Figure 7).

Cohesion failure

Cohesion failure was not seen in Group S. Mild loss of 
cohesion was observed in Group T, Group T/DT and Group 
T/DT/HBOT, and there were no significant differences 
between groups.
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Discussion

The significant decrease in 8-OHDG values in Group T/DT/
HBOT compared to Group T/DT (P < 0.05) indicated that 
HBOT reduced DNA damage resulting from reperfusion-
induced oxidative stress. The highest MDA value was found 
in Group T/DT, while the values in Group S and Group T/
DT/HBOT were similar and statistically significantly lower 
compared to Group T/DT (P < 0.05). This result is further 
evidence that HBOT may have suppressed reperfusion-
induced oxidative stress. There is no obvious basis for the 
lower MDA values in Group T compared with Group S, and 
specifically targeted studies would be required to understand 
this clearly. Nevertheless, the fact that MDA in Group T/
DT is significantly higher than Group S suggests that the 
secondary oxidative damage that follows ovarian ischemia-
reperfusion is greater than after a simple laparotomy and 
anaesthetic.

Figure 1
Comparison of 8-OHDG values between groups; data are mean 
and standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 2
Comparison of MDA values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 3
Comparison of GSH-Px values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 4
Comparison of SOD values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 5
Comparison of AMH values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group
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Group T had lower GSH-Px and SOD values compared to 
the other three groups. The likely reason for this result is 
the reperfusion damage suffered by Groups T/DT and T/
DT/HBOT, whereas Group T’s rats were sacrificed prior 
to reperfusion damage. The reperfusion damage might 
have caused a secondary anti-oxidant capacity increase in 
the rat system. It is acknowledged that this explanation is 

somewhat inconsistent with the high GSH-Px and SOD 
values measured in Group S. Further studies are necessary 
to determine the cause of these results.

The significantly lower AMH level of Group T compared 
to Group S (P < 0.05) can be explained by isolation of the 
ovaries such that the AMH levels in the plasma fell during 

  Histologic parameter Score
Group S Group T

Group 
T/DT

Group
T/DT/HBOT

R L R L R L R L

  Oedema

0 6 6 2 3 0 0 1 0

1 0 0 5 4 4 3 6 7

2 0 0 0 0 3 4 0 0

3 0 0 0 0 0 0 0 0

  Vascular congestion

0 2 2 0 0 0 0 0 1

1 3 3 2 1 1 1 7 6

2 1 1 4 5 6 3 0 0

3 0 0 1 1 0 3 0 0

  Neutrophilic infiltration

0 6 6 1 0 0 0 6 5

1 0 0 5 4 0 4 1 2

2 0 0 1 3 7 3 0 0

3 0 0 0 0 0 0 0 0

  Follicular cell damage

0 6 6 7 7 4 5 7 5

1 0 0 0 0 0 0 0 2

2 0 0 0 0 3 2 0 0

3 0 0 0 0 0 0 0 0

  Cohesion failure

0 6 6 2 0 0 0 1 1

1 0 0 5 5 7 7 6 6

2 0 0 0 2 0 0 0 0

3 0 0 0 0 0 0 0 0

  Haemorrhage

0 6 6 7 6 4 4 3 3

1 0 0 0 0 3 3 4 4

2 0 0 0 1 0 0 0 0

3 0 0 0 0 0 0 0 0

Table 1
Comparison of discrete scores for histopathological variables between groups; data are numbers of ovaries in each category; score key: 
0 – no damage, 1 – mildly damaged, 2 – moderately damaged, 3 – severely damaged; L – left; R – right; S – surgical control group; T – 
surgery plus ovarian torsion group; T/DT – surgery plus torsion plus detorsion (reperfusion) group; T/DT/HBOT – surgery plus torsion 

plus detorsion (reperfusion) plus hyperbaric oxygen treatment group
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the period of ischaemia. The fact that Group T/DT was 
lower than Group S (P < 0.05) but higher than Group T 
(P < 0.05) is perhaps explained by backwashing of AMH 
into plasma from a previously isolated (but dysfunctional) 
ovary after ischaemia and reperfusion. There was a trend 
toward increased AMH levels in the T/DT/HBOT group 
compared to the T/DT group, perhaps suggesting some 
degree of protection of ovarian reserve by HBOT, but this 
difference was statistically insignificant.

The most severe histologic oedema was seen in Group 
T/DT, with significantly less oedema in Group T/DT/
HBOT suggesting an anti-inflammatory effect of HBOT 
in this context. Perhaps not surprisingly, HBOT exposure 
was also associated with reduced vascular congestion and 

reduced neutrophilic infiltration. The latter finding was 
consistent with previously reported oxygen-dose-dependent 
reduction in expression of adhesion molecules on cultured 
neutrophils activated in an in vitro ischaemia-reperfusion 
simulation.18  When follicular cell damage and haemorrhage 
were examined, No follicular cell damage or haemorrhage 
was observed in Groups S and T (bleeding in one Group 
T ovary was thought to be surgical artefact).  There was a 
decrease in the follicular cell damage in Group T/DT/HBOT 
compared to Group T/DT supporting a protective effect of 
HBOT during ovarian ischaemia-reperfusion.

These results, collectively indicate a potential role in for 
HBOT in protecting the ovaries from reperfusion injury after 
detorsioning. However, there are some obvious limitations 

Figure 6
Post-reperfusion neutrophilic infiltration; A – mild infiltration in Group T/DT/HBOT (surgery plus torsion plus detorsion [reperfusion] 

plus hyperbaric oxygen treatment); B – severe infiltration in Group T/DT (surgery plus torsion plus detorsion [reperfusion])

Figure 7
Post-reperfusion haemorrhage; A – moderate haemorrhage in Group T/DT/HBOT (surgery plus torsion plus detorsion [reperfusion] plus 

hyperbaric oxygen treatment); B – severe haemorrhage in Group T/DT (surgery plus torsion plus detorsion [reperfusion])
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in extrapolating beyond our small study in rats, not least 
being the possibility that results in an animal model may 
not translate into humans. We also acknowledge that the 
HBOT regimen was highly atypical of human treatment 
paradigms with oxygen being administered at 600 kPa and 
the treatment frequency being much higher than in typical 
clinical practice. We selected the study parameters to be 
consistent with previous successful work in a rat model of 
testicular torsion-detorsion, but further dose-finding studies, 
perhaps with a narrower outcome focus (concentrating on 
those outcome measures that appeared to benefit here), 
would be required to explore whether clinically relevant 
treatment regimens also seem effective.

Conclusions

Our study has demonstrated that HBOT appears to reduce 
ovarian damage both biochemically and histopathologically 
in this ovarian ischaemia-reperfusion model. As a ‘first of 
type’ study with small sample sizes, it is clear that more 
comprehensive studies will be needed to further clarify 
effects and to optimise HBOT schedules and timing. We see 
potential for clinical testing following more comprehensive 
in vivo studies.

References

1 McWilliams GDE, Hill MJ, Dietrich CS 3rd. Gynecologic 
emergencies. Surg Clin North Am. 2008;88:265–83. doi: 
10.1016/j.suc.2007.12.007. PMID:18381113.

2 Tielli A, Scala A, Alison M, Vo Chieu VD, Farkas N, 
Titomanlio L, et al. Ovarian torsion: diagnosis, surgery, and 
fertility preservation in the pediatric population. Eur J Pediatr. 
2022;181:1405–11. PMID: 35094159. 

3 Bristow RE, Nugent AC, Zahurak ML, Khouzhami V, Fox HE. 
Impact of surgeon specialty on ovarian-conserving surgery 
in young females with an adnexal mass. J Adolesc Health. 
2006;39:411–6. doi: 10.1016/j.jadohealth.2005.12.022. 
PMID: 16919804.

4 Anders JF, Powell EC. Urgency of evaluation and outcome of 
acute ovarian torsion in pediatric patients. Arch Pediatr Adolesc 
Med. 2005;159:532–5. doi: 10.1001/archpedi.159.6.532. 
PMID: 15939851.

5 Tamura H, Takasaki A, Miwa I, Taniguchi K, Maekawa R, 
Asada H, et al. Oxidative stress impairs oocyte quality and 
melatonin protects oocytes from free radical damage and 
improves fertilization rate. J Pineal Res. 2008;44:280–7. 
doi: 10.1111/j.1600-079X.2007.00524.x. PMID: 18339123.

6 Alp BF, Cebi G, Özdemir A, Irkilata HC, Uzun G. Hyperbaric 
oxygen treatment for unilateral testicular torsion in a child. 
Diving Hyperb Med. 2014;44:161–2. PMID: 25311324.

7 Karlı G. Erginel B, Yanar F, Üstyol EA, Ozluk Y, Karadeniz 
MS, et al. Comparison of hyperbaric oxygen and ozone 
treatment for ischemia/re-perfusion injury in an experimental 
testicular torsion model. Ulus Travma Acil Cerrahi Derg. 
2023;29:259–65. doi: 10.14744/tjtes.2023.98861. PMID: 
36880629. PMCID: PMC10225826.

8 Kolski JM, Mazolewski PJ, Stephenson LL, Texter J, Grigoriev 
VE, Zamboni WA. Effect of hyperbaric oxygen therapy on 
testicular ischemia-reperfusion injury. J Urol. 1998;160:601–
4. PMID: 9679936.

9 Zhang Y, Lv Y, Liu YJ, Yang C, Hu HJ, Meng XE, et al. 
Hyperbaric oxygen therapy in rats attenuates ischemia-
reperfusion testicular injury through blockade of oxidative 
stress, suppression of inflammation, and reduction of nitric 
oxide formation. Urology. 2013;82:489.e9–489.e15. doi: 
10.1016/j.urology.2013.04.016. PMID: 23769121.

10 Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey 
MT, Baker M, et al. The ARRIVE guidelines 2.0: updated 
guidelines for reporting animal research. Br J Pharmacol. 
2020;177:3617–24. doi: 10.1111/bph.15193. PMID: 
32662519. PMCID: PMC7393194.

11 Alici B, Kalkan M, Tunç B, Çeti̇nkaya M, Aktaş Ş, Uzun 
H. Testiküler torsiyonda hiperbarik oksijen tedavisinin 
etkinliği. Türk Üroloji Dergisi/Turkish Journal of Urology. 
2004;30(3):273–8.

12 Konak M, Cincik H, Erkul E, Kucukodaci Z, Gungor A, 
Ozdemir S, Cekin E, et al. The protective effects of different 
treatments on rat salivary glands after radiotherapy. Eur Arch 
Otorhinolaryngol. 2016;273:4501–6. doi: 10.1007/s00405-
016-4159-2. PMID: 27324888.

13 Graille M, Wild P, Sauvain JJ, Hemmendinger M, Guseva 
Canu I, Hopf NB. Urinary 8-OHdG as a biomarker for 
oxidative stress: a systematic literature review and meta-
analysis. Int J Mol Sci. 2020;21(11):3743. doi: 10.3390/
ijms21113743. PMID: 32466448. PMCID: PMC7313038.

14 Ayala A, Muñoz MF, Argüelles S. Lipid peroxidation: 
production, metabolism, and signaling mechanisms of 
malondialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell 
Longev. 2014;2014:360438. doi: 10.1155/2014/360438. 
PMID: 24999379. PMCID: PMC4066722.

15 Evans MD, Dizdaroglu M, Cooke MS. Oxidative DNA 
damage and disease: induction, repair and significance. Mutat 
Res. 2004;567:1–61. doi: 10.1016/j.mrrev.2003.11.001. 
PMID: 15341901.

16 Di Clemente N, Racine C, Pierre A, Taieb J. Anti-müllerian 
hormone in female reproduction. Endocr Rev. 2021;42:753–
82. doi: 10.1210/endrev/bnab012. PMID: 33851994.

17 Charan J, Kantharia ND. How to calculate sample size in 
animal studies? J Pharmacol Pharmacother. 2013;4:303–6. 
doi: 10.4103/0976-500X.119726. PMID: 24250214. PMCID: 
PMC3826013.

18 Buras JA, Stahl GL, Svoboda KK, Reenstra WR. Hyperbaric 
oxygen downregulates ICAM-1 expression induced by 
hypoxia and hypoglycemia: the role of NOS. Am J Physiol 
Cell Physiol. 2000;278(2):C292–302. doi: 10.1152/
ajpcell.2000.278.2.C292. PMID: 10666024.

Conflicts of interest and funding: nil

Submitted: 15 March 2021
Accepted after revision: 26 December 2023

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.



Diving and Hyperbaric Medicine  Volume 54 No. 1 March 2024 23

Review of saturation decompression procedures used in commercial 
diving
Jean-Pierre Imbert1, Lyubisa Matity2, Jean-Yves Massimelli3, Philip Bryson4

1 Divetech, 1543 chemin des vignasses, 06410 Biot, France
2 Hyperbaric and Tissue Viability Unit, Gozo General Hospital, Malta
3 CHU de Nice, Hôpital Pasteur, 30 avenue de la voie romaine, 06001 Nice, France
4 International SOS, Forest Grove House, Foresterhill Road, Aberdeen, AB25 2ZP, UK

Corresponding author: Jean Pierre Imbert, Divetech, 1543 ch des vignasses 0641Biot, France
jpi.divetech@gmail.com

Keywords
Decompression tables; Occupational diving; Saturation diving

Abstract
(Imbert J-P, Matity L, Massimelli J-Y, Bryson P. Review of saturation decompression procedures used in commercial 
diving. Diving and Hyperbaric Medicine. 2024 31 March;54(1):23−38. doi: 10.28920/dhm54.1.23-38. PMID: 38507907.)
Introduction: This is a review of commercial heliox saturation decompression procedures. The scope does not include 
compression, storage depth or bell excursion dive procedures. The objectives are to: identify the sources of the procedures; 
trace their evolution; describe the current practice; and detect relevant trends.
Methods: Eleven international commercial diving companies provided their diving manuals for review under a confidentiality 
agreement.
Results: Modern commercial diving saturation procedures are derived from a small number of original procedures (United 
States Navy, Comex, and NORSOK). In the absence of relevant scientific studies since the late 80’s, the companies have 
empirically adapted these procedures according to their needs and experience. Such adaptation has caused differences in 
decompression rates shallower than 60 msw, decompression rest stops and the decision to decompress linearly or stepwise. 
Nevertheless, the decompression procedures present a remarkable homogeneity in chamber PO

2
 and daily decompression 

rates when deeper than 60 msw. The companies have also developed common rules of good practice; no final decompression 
should start with an initial ascending excursion; a minimum hold is required before starting a final decompression after an 
excursion dive. Recommendation is made for the divers to exercise during decompression.
Conclusions: We observed a trend towards harmonisation within the companies that enforce international procedures, and, 
between companies through cooperation inside the committees of the industry associations.

Introduction

Dr Albert Benkhe is credited with formulating the concept 
of saturation diving following the salvage of the crew of the 
USS Squalus submarine in 1942. The first human heliox 
saturation to 30 metres of seawater (msw) was performed 
at the Navy Experimental Diving Unit in 1963 following 
the Genesis Project of Dr George Bond.

Preliminary developments of saturation operations were 
undertaken in underwater habitats (Conshelf, Sealab, 
Tektite, Pre-Continent, etc.). Then, the technology evolved 
to saturation chambers installed on deck rather than on the 
seabed: logistics were easier; energy was directly supplied 
from the vessel. It became possible to abandon the site in 
bad weather.

The first commercial diving helium-oxygen saturation 
operations began in the late sixties. In 1965, the Undersea 
Division of Westinghouse Electric Corporation, under the 
direction of Jerry O’Neill and Alan Krasberg, carried out the 
first commercial saturation project for clearing the trash rack 

of the Smith Mountain dam at 61 m in Virginia. The system, 
called Cachalot, consisted of a large decompression chamber 
and a personnel transfer capsule, which could be mated to 
the chamber under pressure. In 1969, Comex carried out a 
saturation operation to 100 msw in the Gulf of Biscayne 
onboard the Astragale vessel.

In 1971, the Brent field was discovered at a depth of 140 
msw exceeding the possibilities of surface-oriented diving. 
The installation of the North Sea platforms drove the 
development of heliox saturation diving and triggered the 
demand for qualified personnel. The first divers came from 
the navies, the only institutions at the time with a formal 
training scheme, and set the discipline that still prevails 
during dive supervision. American divers arrived from the 
Gulf of Mexico and brought along the fiberglass helmets, 
the hot water suits and the silver duct tape. This diversity 
of culture is the foundation on which saturation diving 
developed. The diving companies established associations 
such as the Association of Diving Contractors (AODC) 
and later the International Marine Contractors Association 
(IMCA), which turned saturation diving into a mature and 
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efficient technology in less than ten years. By the 1980’s, 
more than 6,000 divers were working in the North Sea and 
the ‘North Sea Standards’ ruled the offshore world.

However, the standardisation effort did not include heliox 
saturation procedures. In the 70s, safe and efficient saturation 
provided a commercial advantage over competition. Diving 
manuals were stamped ‘Secret’. Even though companies 
are now developing numerous industrial guidelines, they 
continue to use different diving procedures.

A heliox saturation dive includes the following phases 
(Figure 1):
• The initial pressurisation or ‘blowdown’ of divers to 

target pressure corresponding to the storage depth. The 
pressurisation may include stops. Its duration is around 
2 hours (h) for compression to 120 msw storage depth. 
It is significantly slower for saturations deeper than 
180 msw to control high-pressure nervous syndrome 
(HPNS) and compression arthralgia.

• A minimal hold period after the divers arrive at storage 
depth and before they may start their first bell dive. This 
allows the divers to adapt to depth. The hold duration 
varies with storage depth: it is around 2 h at 120 msw 
storage depth.

• The ‘bottom phase’ during which the divers live in a 
chamber, at storage depth.

• The bell dives. Divers are transferred daily from the 
storage chamber to the dive site in the diving bell. The 
allowed excursion vertical distance depends on depth. 
It is around 20 msw at 120 msw storage depth.

• The final decompression to surface pressure. The initial 
phase is carried out with a constant chamber PO

2
. 

The last phase proceeds from 15 msw to the surface 
with a constant chamber oxygen fraction. A typical 
decompression from 120 msw storage depth lasts five 
days.

• The saturation time is limited to 28 days by Diving 
Medical Advisory Committee (DMAC) guidance note 
21.1  This limitation may differ with local regulations, 
for instance in Norway.

The purpose of this review is to document the current 
international saturation decompression procedures used in 
the offshore industry. The objectives are to 1) identify the 
source of the procedures, 2) trace their evolution, 3) describe 
the current practice and 4) detect any relevant trends.

Methods

SOURCES

The documentation related to the development of commercial 
diving in general, and saturation diving in particular, is 
dispersed, mainly located in company internal and restricted 
documents. The authors have been involved in commercial 
diving operations during their career. Non-referenced 

information in this review should be considered as sharing 
of personal experience. In particular, two authors worked for 
Comex and Stolt Comex Seaway and provided information 
on their historical diving manuals.

UNITS

The documents reviewed are operational procedures 
where depth is used instead of ambient pressure and where 
expressions such as ‘shallower’, ‘deeper’, ‘ascending’ or 
‘surface’ are common terms. With editorial consent we 
deliberately kept this technical jargon for consistency. For 
the same reason:
• Gas partial pressures are expressed in mbar (1 mbar = 

0.1 kPa). Gas fractions are expressed in percentages.
• Pressures are expressed in msw (1 msw = 10.0381 kPa 

according to EN 13319).
• Imperial units have been converted using 1 foot of 

seawater (fsw) = 0.30643 msw as specified in the 
US Navy diving manual. When procedures used both 
imperial and metric systems, only the provided metric 
values were considered.

DIVING COMPANIES

The IMCA website lists 50 companies that hold a certificate 
for ‘unrestricted diving’ which covers saturation diving. 
This number must be reduced to around 30 considering 
that some companies have multiple registrations. We 
selected 11 leading international companies for which we 
had connections through our professional activities. The 
conditions for participation were defined in a memorandum 
of understanding, signed by the authors and each diving 
company, stating that:
• The procedures could be used scientifically with the 

name of the company being unidentifiable.
• The company could review the final paper and retain 

the right to withdraw from the publication.

Figure 1
A typical commercial diving saturation showing depth profile and 
divers inhaled partial pressure of oxygen (PO

2
); mbar – millibar
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The eleven companies are:
• Boskalis, Papendrecht, The Netherlands
• DOF Subsea, Perth, WA
• Fugro, Singapore
• Helix Well Ops, Aberdeen, UK
• K Subsea, Singapore
• McDermott, Houston, Texas, USA
• Mermaid Subsea Services, Bangkok, Thailand
• Rever Offshore, Aberdeen, UK
• Shelf Subsea, Perth, WA
• Subsea7, Aberdeen, UK
• TechnipFMC, Aberdeen, UK

They are later de-identified as company A, company B, 
etc in an order unrelated to the above list. For each of 
these diving manuals received we associated a saturation 
procedure called procedure A, procedure B, etc. Note that 
we compared procedures in the range of 200 msw to surface, 
independently of the deepest storage depth specified in the 
manual. We excluded from the study any specific procedures 
used for deeper diving. We considered procedures in use in 
2020 and disregarded any subsequent versions.

It should be noted that changes have occurred in the industry 
since 2022. Rever Offshore was taken over by the company 
Boskalis Subsea Services, but their procedures were 
reviewed by the former Rever Offshore diving manager. 
Fugro have ceased manned diving operations and no longer 
maintain their diving manuals. Simon Binsted, the former 
Fugro Diving Manager received authorisation from Fugro 
management to review this paper on their behalf.

H E L I OX  S AT U R AT I O N  D E C O M P R E S S I O N 
PROCEDURES

We focused on the final decompression of saturation dives 
for which we identified several operational characteristics:
• The minimal hold period at storage depth that is 

generally required after the divers have returned from 
their last excursion dive, before final decompression.

• An initial ‘pull-up’. This corresponds to a rapid pressure 
drop equivalent to an upward excursion that was 
historically used to initiate decompression.

• The decompression protocol. The decompression 
generally takes place as a continuous pressure 
reduction (‘continuous bleed’), or alternatively through 
incremental steps of typically 0.2–0.3 msw.

• The daily decompression period. Decompression can 
be continuous (24 h/24 h) or include interruptions for 
divers’ comfort.

• These interruptions are called ‘rest stops’ by the US 
Navy. The rest stop can be set at a fixed time (at night 
for instance) or after a given daily decompression time. 
In that case, the time of the rest stop depends on the final 
decompression start time (‘sliding rest stop’).

• The chamber oxygen. The decompression starts with a 
constant chamber PO

2
. However, the chamber oxygen 

fraction increases as the pressure decreases and must 
be limited to less than 23% because of the fire risk. A 
common chamber PO

2
 of 500 mbar will exceed 20% at 

15 msw. From 15 msw to surface, the decompression 
proceeds with a constant oxygen fraction.

• The decompression rates, which vary depending 
on depth ranges. The term ‘decompression profile’ 
characterises the distribution of decompression rates 
over depth.

• The daily decompression rate which is the pressure 
reduction achieved in 24 h, including rest hold periods.

ANALYSIS

We first studied the operational features of the decompression 
such as initial pull-up, decompression hold, daily rate of 
ascent, etc. We have compared decompression procedures 
from these companies as well as reference procedures such 
as:
• The procedures published in the regulations of Norway, 

Brazil and France.
• The procedures of the US Navy Diving Manual.
• The procedures from historical diving companies, 

Comex and Stolt Comex Seaway, for which two authors 
worked.

We then attempted to discuss the safety performances by 
using four endpoints:
• The decompression sickness (DCS) incidence recorded 

during operations.
• The venous gas emboli (VGE) grade measured during 

or after the decompression.
• The oxygen exposure and its level of pulmonary toxicity.

DIVER POPULATION

To characterise the diving population, at least in the frame of 
the North Sea operations, one of the participating companies 
provided the age distribution of 131 divers who rotated 
onboard one of their vessels in 1979.

It is the authors’ view that saturation divers have significant 
experience; They traditionally start as air divers at 30 years 
old, move to saturation diving 10 years later and stay in the 
career. At the time of the study, the mean age of the saturation 
divers was 47 (range 30–61) (Figure 2).

Results

HISTORICAL REFERENCE PROCEDURES

US Navy procedures

The US Navy saturation procedures were first published in 
the 1979 revision 2 of the US Navy Diving Manual.2  They 
were characterised by:
• The possibility to initiate decompression by an 

ascending excursion.
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• A constant rate of decompression deeper than 60 msw 
and, varying rates from 60 msw to surface.

• Slow decompression rates and a low chamber PO
2
 (350 

to 400 mbar) until the fire risk zone is reached.
• A typical rest stop pattern during the decompression 

with a night stop from 00:00 to 06:00 and an afternoon 
stop from 14:00 to 16:00, leaving a total decompression 
time of 16 h per day.

• A chamber oxygen fraction controlled between 19% 
and 23% in the last metres of the decompression due 
to the fire risk.

The 2016 rev 7 US Navy Diving Manual brought few 
changes: the rates of decompression remained unchanged; 
the chamber decompression PO

2
 was increased to 440–480 

mbar; the timing of rest stop could be shifted depending on 
operational requirements.3

Comex procedures

Comex was a leading diving company during the 70’s and 
80’s. This French company invested heavily in research and 
conducted a series of developments on deep diving in its 
Marseille hyperbaric center. Comex designed original diving 
procedures that have significantly influenced the industry.

The first Comex saturation manual was published by 
Dr Xavier Fructus in 1974 after the deep dives of the 
Sagittaire and Physalie experimental series. A system 
was set up to collect the dive logs into a database.4  This 
database supported and monitored all the Comex procedure 
developments until 1994.

In their early versions, Comex saturation decompression 
procedures were characterised by:
• An oxygen protocol based on a 600 mbar chamber PO

2
.

• A constant rate of decompression for a constant chamber 
PO

2
 until the fire risk zone was reached.

• A continuous decompression with no rest stops.

In 1986, Comex conducted intensive research on 
decompression that initiated a large-scale revision of their 
diving manuals. The chamber PO

2
 was reduced to 500 mbar 

for decompressions deeper than 155 msw. Later, in 1994, 
with the experience of the Norwegian contracts (Statoil, 
3DP and Norsk Hydro Oseberg) and after the development 
of deep diving in Brazil, the 500 mbar PO

2
 was standardised 

throughout the full depth range.

Seaway procedures

Seaway was a Norwegian company operating four diving 
vessels in the North Sea during the 80’s. The Seaway 
1984 saturation manual included procedures designed 
after the experimental dives DeepX I and II conducted at 
the Norwegian Underwater Technology Center (NUTEC) 
in Bergen. They were characterised by a constant rate of 
decompression with a constant chamber PO

2
, similar to the 

Comex procedures. They had a rest stop set at a fixed time 
(00:00 to 06:00) and for the first time, a minimum 8 h hold 
before starting final or intermediate decompression. The 
Seaway procedures were representative of the Norwegian 
experience and later influenced the NORSOK standards 
(Norwegian acronym for “the Norwegian shelf’s competitive 
position”).

INTERNATIONAL REFERENCE PROCEDURES

Three countries, France, Norway and Brazil, have regulated 
diving to the level where ascent rates, rest stops, chamber 
PO

2
, etc

.
 are specified for saturation. These regulations 

cannot be used directly for operations but build a strict frame 
for editing saturation procedures. We mention hereafter the 
French, Norwegian and Brazilian procedures in this context.

French saturation procedures

The 1992 revision of the French diving regulations was 
associated with the publication of official air tables and 
saturation procedures referred to as ‘MT92’.5  These 
procedures corresponded to the Comex 1986 diving manual 
and proposed two options for decompression: one with 
600 mbar chamber PO

2
 from storages depths not exceeding 

155 msw and one with 500 mbar chamber PO
2
 for deeper 

operations. These procedures have been used in France and 
in West Africa. The French diving regulations were revised in 
2016 but no changes were made to the saturation procedures.

Norwegian saturation procedures

During the 80’s, divers’ unions in Norway raised the issue 
of commercial competition that could push companies 
to shorten decompression. In 1984, the Norwegian 
Petroleum Directorate (NPD) took a stand and contracted 
Dr Val Hempleman, from the British Royal Navy, to evaluate 
the saturation procedures in use and organise an international 
conference on the subject.6  The NPD then initiated an action 
to standardise saturation procedures in the Norwegian sector. 

Figure 2
Age distribution of 131 saturation divers working on a large North 

Sea diving support vessel
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Representatives from the Norwegian oil and gas industry, 
divers’ unions and the AODC participated in:
• Assessing the practice of five diving contractors 

operating in the Norwegian sector.
• Proposing a common framework designed by a working 

group of experts putting together the most conservative 
features of existing commercial tables for diving down 
to 180 msw.

The frame conditions in the NPD report were included in 
1999 in the first edition of the NORSOK U-100 standards for 
manned underwater intervention. Up to now, the NPD frame 
conditions have remained unchanged and the following 
revisions of the NORSOK U-100 have not affected the 
saturation specifications.7

The NORSOK procedures are a blend of the US Navy for the 
decompression, Comex for the excursions and Seaway for 
the decompression hold. The overall results are conservative 
procedures with reduced excursion distances, slow rates of 
decompression and restricted saturation times. Although 
they lack operational flexibility, they benefit from a good 
reputation among the divers’ community as documented in 
a recent questionnaire survey of Petroleum Safety Authority 
(PSA).8

The NORSOK procedures specify a PO
2
 for chamber 

decompression widely defined between 400 to 500 mbar. 
However, company A, which operates in the Norwegian 
sector, provided a copy of their Norwegian saturation 
procedures that use the higher end of this range. Because of 
the wide range of chamber PO

2
 specified, the safety of these 

procedures depends on how they are being implemented.

Brazilian saturation procedures

In the 80’s, the diving companies operating in Brazil were 
using their own rules in the absence of comprehensive 
Brazilian legislation. When deep operations started in the 
Campos field, Comex, which had been involved in two of 
the Norwegian deep development contracts, brought along 
its expertise and became highly influential.9

The first national diving legislation was published in 1988, 
closely aligned with the North Sea standards. It included 
saturation procedures based on the Comex manual. The 
Brazilian Navy then built a hyperbaric centre and validated 
the procedures through a series of onshore dives. Brazilian 
diving regulations NORMAM-15/DPC are now available 
as Rev. 2, 2016 and are characterised by:
• A continuous decompression without any rest stop.
• A constant decompression rate with a constant chamber 

500 mbar PO
2
 till 20 msw.

The NORMAM-15 procedures are freely accessible from the 
Brazilian regulations website.10  Grounded in three decades 
of Brazilian deep diving experience, they have become an 
international reference.11,12

REVIEW OF COMPANY PROCEDURES

These procedures are summarised in Tables 1 to 4, along 
with the ones from the references already mentioned.

Discussion

SOURCES OF C URRENT SATURATION PROCEDURES

The US Navy procedures have played a major role in the 
development of commercial diving because they were 
readily and freely available at the time it all started. The 
diving managers liked to claim they were complying with 
the US Navy because it was an unchallenged reference. 
Companies have since gained experience and introduced 
their own modifications such as increasing the PO

2
 during 

the decompression and restricting excursion distances during 
the bell dives. Yet procedures C, F, G, H, I and K (six out of 
11 companies) still reference the 2016 Rev 7 edition of the 
US Navy Diving Manual as the source of their saturation 
procedures.

The Comex manual largely inspired the Brazilian 
NORMAM-15 procedures. It also influenced procedures A, 
B, D and E that include a constant rate of decompression 
from bottom to 15 msw (four out of 11 companies).

The source of company J procedures are unknown.

These reference procedures have been empirically modified 
by the companies in consultation with their respective 
diving experts (medical advisors, consultants, etc.). The 
authors have participated in several of these diving manual 
revisions. However, the rationale behind these changes has 
often been lost. Only companies A, B, C, D and K (five out 
of 11 companies) have formally compiled documents called 
‘Justifications’ or ‘Provenance’ that trace and explain the 
evolution of their diving procedures.

STORAGE DEPTH PO
2

The procedures all specify a chamber PO
2
 at storage depth 

set around 400 mbar (Table 1).

The PO
2
 at storage depth is raised to avoid complications 

in the event of hypoxia due to improper mixing of oxygen 
and inert gases. However, two other reasons are identified.

The first reason is historical. In the early 70’s, Comex 
mobilised a saturation system on the deck of the Choctaw I 
barge with an external regeneration system. The barge was 
experiencing bad weather, the system at 120 msw and the 
chamber PO

2
 at 400 mbar, when a large wave swept the 

regeneration plant away. The 2-inch hoses burst and the 
pressure rapidly dropped inside the chambers. Divers started 
closing all the valves in panic, including the pressurisation 
valve, and the surface team had to use the bell pressurisation 
valve to re-establish the pressure. By that time, the chamber 
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had dropped half of the initial pressure. Since then, the 
industry policy has been to set the storage PO

2
 around 400 

mbar so that the atmosphere could remain breathable if the 
pressure were to accidentally drop to half of its initial value.

The second reason is related to excursion dives. In case 
of an ascending excursion, the storage depth becomes the 
deepest depth. The storage depth PO

2
 therefore influences 

the permitted excursion distance. If storage PO
2
 and dive mix 

PO
2
 are too different, ascending and descending excursions 

become asymmetrical. With modern procedures that use a 
sliding excursion window, a higher storage PO

2
 provides a 

higher flexibility.

INITIAL ‘PULL-UP’

The US Navy Diving Manual paragraph 13.23 allows starting 
a saturation decompression with an ascending excursion 
(initial pull-up), based on the concept of the diver’s deepest 
depth, which directs the selection of saturation excursion 
distance. The excursion amplitude can be significant, as for 
instance, a 30 msw excursion from 120 msw to 90 msw. It 
is, however, specified that this initial pull-up remains within 
the discretion of the person in charge.

Even if the initial pull-up is limited, the problem is to 
measure the influence of this sudden pressure change on 
potential bubbles remaining from the last excursion dive and 

 Group

Deepest
storage
depth

available
(msw)

Chamber storage 
PO2

(mbar)
Initial saturation
decompression
with an upward

excursion

Hold time (h) before decompression after a:

Min Opt Max
Downward

normal
excursion

Downward
extended
excursion

Upward
normal

excursion

Upward
extended
excursion

 US Navy 1979 487 350 400 Permitted 0 N/A 0 N/A

 Seaway 1984 304 380 400 420 Forbidden 8 N/A 8 N/A

 Comex 1986 std 155 400 425 500 1 msw in 10 min 12 N/A 12 N/A

 Comex 1986 deep 200 400 425 500 1 msw in 10 min 0 N/A 0 N/A

 Comex 1994 300 300 400 500 1 msw in 10 min 0 12 0 12

 France MT 1992 180 1 msw in 10 min 0 12 0 12

 Brazil 2021 350 Forbidden* 0 12 0 12

 US Navy 2016 350 440 480 Permitted** 0 N/A 0 N/A

 NORSOK 2016 180 400 500 Forbidden 8 N/A 8 N/A

 Company A 180 380 400 420 Forbidden 8 12 8 12

 Company B 180 380 400 420 Forbidden 8 12 8 12

 Company C 300 370 400 430 Forbidden 8 8*** 8 8***

 Company D 180 380 400 420 Forbidden 8 12 8 12

 Company E 305 370 400 430 Forbidden 6 N/A 6 N/A

 Company F 300 440 450 480 Forbidden 6 N/A 6 N/A

 Company G 487 350 400 450 Forbidden 8 N/A 0 N/A

 Company H 306 370 400 430 Forbidden 2 N/A 2 N/A

 Company I 201 380 400 450 Forbidden 8 N/A 8 N/A

 Company J 487 380 400 450 Forbidden 6 24 6 24

 Company K 310 380 400 450 Forbidden 8 N/A 8 N/A

Table 1
Pre-decompression procedures; *decompression can start with an upward excursion if the time spent at storage depth exceeds the equivalent 
decompression time; **for storage depths shallower than 61 msw, a 2 hour (h) hold is required after an upward excursion; ***after an 
extended excursion, the chamber must be recompressed to divers’ deepest depth and divers have to hold for 8 h; Max – maximum; mbar 

– millibar; min – minutes; Min – minimum; msw – metres of seawater; N/A – not applicable; Opt – optimal
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the impact of these bubbles on the following decompression. 
Flook used a bubble growth algorithm developed by Van 
Liew and Burkard to estimate this impact.13  Flook modeled 
the bubble population after excursions and during saturation 
decompression and concluded that neither the excursion nor 
the decompression alone was likely to cause DCS. However, 
she pointed out that if a decompression was to follow an 
excursion with a too short interval, the residual bubble 
population from the excursion could interfere with the final 
decompression process and carried a risk.14

All the procedures reviewed have removed the possibility 
of starting a decompression with an ascending excursion.

DECOMPRESSION HOLD

Companies now specify a minimal time interval, called 
decompression hold, after an excursion dive, before starting 
a final decompression (Table 1).

This decompression hold is only required after a descending 
excursion dive for procedures C and G. All the other 
procedures request a pre-decompression hold regardless 
of the type of excursion dive (nine out of 11 companies).

The hold duration varies from 2 h (procedure H), to 6 h 
(procedures E, F, J) and 8 h (procedures A, B, C, D, G, I 
and K, i.e., seven out of 11 companies). In practice, a few 
hours are needed to raise PO

2
 inside the chamber before 

decompression and this hold has a minimal impact on the 
operations.

Note that Comex authorised a 1 msw ascent performed in 
10 minutes at the start of the decompression but this was 
only intended to create a small pressure drop to seal the door 
of adjacent chambers. A similar procedure is proposed by 
company K.

Table 2
Rest stops during decompression; h – hours; msw – metres of seawater; N/A – not applicable

 Group
Rest
stop

Daily
stop

duration
(h)

Daily
decompression

duration
(h)

Shallow rest stops

US Navy 1979 Fixed 2 + 6 16

Seaway 1984 Fixed 6 18

Comex 1986 std None N/A 24

Comex 1986 deep None N/A 24

Comex 1994 None N/A 24

France MT 1992 None N/A 24

Brazil 2021 None N/A 24

US Navy 2016 Sliding 2 + 6 16

NORSOK 2016 Fixed 6 18 Stop < 3 msw performed at 3 msw

Company A Sliding 5 19 No stop between 15 msw and surface

Company B Sliding 5 1 No stop between 15 msw and surface

Company C None N/A 24

Company D Sliding 5 19 No stop between 15 msw and surface

Company E Sliding 4 20 No stop between 15 msw and surface

Company F Sliding
8

(2 stops)
16

Company G Fixed 2 + 6 16

Company H Fixed 8 16 Stop < 3 msw ignored

Company I Fixed 2 + 6 16 Option left for continuous decompression

Company J None N/A 24

Company K Sliding 2 + 6 16 Stop < 3msw performed at 3–4 msw
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CHAMBER BLEED VERSUS STAGED DECOMPRESSION

Saturation decompressions are slow, e.g., a 90 min·msw-1 
rate of decompression corresponds to 11 millimetres depth 
change every minute. They require continuous attention 
from the chamber operators. Operationally, two methods 
are available for decompressing the chamber:
• Continuous decompression (‘continuous bleed’) 

typically controlled by computers onboard modern 
diving support vessels.

• Staged decompression with repeated small decrements 
of depth.

Several procedures have been identified for staged 
decompression:
• Comex 1979 used an optional 1 msw step decrement 

with 10 min ascent time to the next stop when deeper 
than 50 msw.

• Procedure D proposes an optional 0.33 msw decrement 
as in US Navy Rev 7 procedures.

• Procedure F proposes an optional 5 msw step with 5 
min ascent time to the next stop.

• Procedure K proposes an optional 0.2 msw step resulting 
in an ascent rate equivalent to continuous decompression 
using the last minute of the stop time to travel to the 
next stop depth.

A problem of staged decompression is what Comex divers 
used to call ‘passage de bulles’ during the step changes near 
the surface (literally translated as feeling bubbles passing 
by, or, alternatively, feeling ‘niggles’). Because the effect of 
Boyle’s law becomes more important close to the surface, it 
can be speculated these small but sudden pressure variations 
increase bubble volume, resulting in a greater likelihood 
to produce symptoms in whatever tissue in which they are 
present (such as periarticular connective tissue). The staged 

Group

Chamber PO2

(mbar)
Deco
time
(h)

Bottom–60 msw 60 msw–30 msw 30 msw–15 msw

Min Opt Max Deco rate
min·msw-1

DDR
msw·day-1

Deco rate
min·msw-1

DDR
msw·day-1

Deco rate
min·msw-1

DDR
msw·day-1

US Navy 1979 350 400 16 32.6 29.4 39.2 24.5 49.0 19.6

Seaway 1984 500 530 18 36.0 30.0 36.0 30.0 36.0 30.0

Comex 1986 std 575 600 24 45.0 32.0 45.0 32.0 45.0 32.0

Comex 1986 deep 500 525 24 50.0 28.8 50.0 28.8 50.0 28.8

Comex 1994 480 500 500 24 50.0 28.8 50.0 28.8 50.0 28.8

France MT 1992 500 525 24 50.0 28.8 50.0 28.8 50.0 28.8

Brazil 2021 440 480 24 50.0 28.8 50.0 28.8 50.0 28.8

US Navy 2016 440 480 16 32.6 29.4 39.2 24.5 49.0 19.6

Norsok 2016 400 500 18 40.0 27.0 50.0 21.6 60.0 18.0

Company A 480 500 520 19 40.0 28.5 40.0 28.5 40.0 28.5

Company B 480 500 520 19 40.0 28.5 40.0 28.5 40.0 28.5

Company C 480 490 500 24 50.0 28.8 60.0 24.0 70.0 20.6

Company D 480 500 520 19 40.0 28.5 40.0 28.5 40.0 28.5

Company E 500 530 560 20 40.0 30.0 40.0 30.0 40.0 30.0

Company F 500 16 30.0 32.0 40.0 24.0 50.0 19.2

Company G 470 500 530 16 33.3 28.8 40.0 24.0 50.0 19.2

Company H 500 530 16 32.8 29.3 39.5 24.3 49.2 19.5

Company I 500 16 33.3 28.8 40.0 24.0 50.0 19.2

Company J 480 500 520 24 49.0 29.4 78.3 18.4 78.3 18.4

Company K 500 16 32.0 30.0 39.0 24.6 49.0 19.6

Table 3
Decompression with constant chamber PO

2
; the decompression rate is defined for the ascent between rest stops. The daily decompression 

includes the ascent phase and the rest stops. DDR – daily decompression rate; Deco – decompression; h – hours; Max – maximum; 
mbar – millibar; min – minutes; Min – minimum; msw – metres of seawater; Opt – optimal
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decompression option was removed in the later versions of 
the Comex manuals and the symptoms disappeared. The 
other companies only propose continuous chamber bleed 
(eight out of 11 companies).

REST STOPS VERSUS CONTINUOUS DECOMPRESSION

Rest stops were first defined in the US Navy Diving Manual 
as a daily interruption in the decompression process (or 
‘night stops’ when stops take place during sleeping time). 
The justification presented at the time was to avoid divers 
sleeping in a cramped position that could reduce perfusion 
during decompression. Another story told was that in 
the early times, the US Navy doctors were annoyed by 
awakening every night and decided to stop decompression 
to get some sleep (personal communication with Dr Spaur).

We identified several rest stop patterns in our review 
(Table 2):
• Rest-stops set at fixed times identical to the US Navy 

pattern (00:00 to 06:00 and 14:00 to16:00) or the 
NORSOK pattern (00:00 to 06:00) as in procedures F, 
G, H and I (four out of 11 companies).

• A rest stop set after a given decompression duration 
that slides around the clock depending on the start 
decompression time (procedures A, B, D, E and K, i.e., 
five out of 11 companies)

• Continuous decompression without any rest stop 
(procedures C and J)

The stop durations vary from 4 h (procedure E) to 5 h 
(procedures A, B, D) and the classic US Navy 8 h split 
over two stops (procedures F, G, H, I, K, i.e., five out of 11 
companies).

Table 4
Decompression with constant chamber O2%; the decompression rate is defined for the ascent between rest stops. The daily decompression 
includes the ascent phase and the rest stops. DDR – daily decompression rate; h – hours; Max – maximum; min – minutes; Min – minimum; 

msw – metres of seawater; Opt – optimal

Group

Chamber O2 % 15 msw to surface

Min Opt Max
Decompression

rate
min·msw-1

Decompression
time
(h)

DDR
msw·day-1

US Navy 1979 21 23 65.3 16 14.7

Seaway 1984 21 22 80.0 18 13.5

Comex 1986 std 21 24 60.0 24 24.0

Comex 1986 deep 21 24 60.0 24 24.0

Comex 1994 21 24 80.0 24 18.0

France MT 1992 21 24 60.0 24 24.0

Brazil 2021 21 90.0 24 16.0

US Navy 2016 19 23 65.3 16 14.7

Norsok 2016 19 23 80.0 18 13.5

Company A 21 22 23 100.0 19 11.4

Company B 21 22 23 100.0 19 11.4

Company C 21 22 23 90.0 24 16.0

Company D 21 22 23 100.0 19 11.4

Company E 21 22 23 100.0 24 14.4

Company F 21 23 60.0 16 16.0

Company G 21 23 66.7 16 14.4

Company H 21 23 66.7 16 14.4

Company I 21 21 24 66.7 16 14.4

Company J 20 21 22 97.9 24 14.7

Company K 21 24 66.0 16 14.5
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From our experience, when divers are asked their comments 
on rest stops, they typically provide the following answers:
• Stops prevent the ‘popping’ of my ears when I sleep in 

the last part of the decompression.
• Fixed stops permit synchronising back to normal day 

rhythm (for divers on night shift).
• I do not care, I sleep a lot anyway during decompression, 

at any time.

Operationally, rest stops set at a fixed time raise the problem 
of calculating the end decompression time because the 
number of rest stops depends on the start decompression 
time. Rest stops may also happen a few metres from the 
surface, causing technical problems (toilet no longer in 
operation, risk of sudden surfacing) and frustration. One 
way around this is to forbid rest stops shallower than 3 
msw (procedures H and K) or to carry them out at 3 msw 
(procedure A). Another way is to remove any rest stop in the 
last 24 hours of the decompression and adapt the ascent rate 
accordingly, which corresponds to a slow and conservative 
end of decompression (procedures B, D, E and I).

Theoretically, rest stops reduce the daily time available for 
decompression. For a given daily decompression rate, rest 
stops require a faster rate during the active decompression 
phase. The question remains whether the recovery during the 
rest stop exactly balances the increase of the decompression 
rate during the ascent phase. No theoretical work could 
be found on the subject. In 1984, an attempt was made 
during the DeepX II experiment at NUTEC to compare the 
performances of the two methods of decompression. Three 
divers were decompressed continuously while another group 
of three divers were decompressed with rest stops, both 
groups with the same 24 h decompression rate. No difference 
could be documented.15  A similar conclusion was derived 
from the Comex database (Imbert JP, presentation at the 
NPD conference, 1988). 

The presence of rest stops therefore remains more a matter 
of company culture than a strategy for improving the 
decompression safety.

DECOMPRESSION RATES AND DURATIONS

Decompression rates are linked to the chamber PO
2
 and 

govern the decompression duration. They have a critical 
operational and commercial importance (Table 3 and 4). 
Decompression rate patterns determine two characteristics 
of the decompression: duration and profile.

We calculated the decompression durations and the 
instructions specified in the procedures. We compared 
these decompression durations for several typical storage 
depths. Note that the final decompression duration may 
vary depending on the starting time (we used 06:00 in the 
program) and the conversion factor used for fsw and msw. 
We added the NORSOK procedures for comparison.

Table 5 and Figure 3 display the difference between the 
slowest and the fastest decompression durations. This 
difference reaches 25.7 h at 150 msw. However, Table 5 
also indicates that for procedures A, B, C, D, E, F and H, 
this difference is less than 5 h over the 60–150 msw range. 
This means that seven out of 11 companies have very similar 
decompression durations.

We then plotted the daily decompression rate versus depth 
to compare the decompression profiles between procedures. 
Figure 4 shows that procedures have a similar decompression 
rate to 60 msw while there are greater differences in the 
shallower depths.

Deeper than 60 msw, all the procedures reviewed are 
characterised by a constant decompression rate. This has been 
a characteristic of the Comex saturation decompression since 
1984 (and derived procedures like the NORMAM-15).16 It 
is a consequence of the Comex method of calculation that 
used a safe ascent criterion based on Hennessy’s critical 
volume assumption.17  The same result can be obtained using 
Vann’s model that predicts a linear relation between the rate 
of decompression and the PO

2
.18  This is also a consequence 

of the concept of extended oxygen windows.19 According 
to these algorithms, the rate of decompression is a linear 
function of the PO

2
 and should remain constant as long 

as the chamber PO
2
 remains constant, regardless of depth.

The shallower part from 60 to 15 msw is also conducted with 
a constant PO

2
 but reveals two practices, one with a constant 

decompression rate (as per the Comex algorithm), and the 
other with varying decompression rates (as per the US Navy 
tradition). The US Navy has never published the way their 
saturation decompressions were computed. It is likely that 
in the early 70’s, they used trial and error and involved a 
combination of various models. This profile consisting of 
deep constant decompression rates and shallow varying 
decompression rates is typical of procedures that use the US 
Navy as parent procedures. It is also found in the NORSOK 
procedures that adopted this profile as a best practice at the 
time they were written.

INTERMEDIATE DECOMPRESSION

Projects often require intervention at various working 
depths. When depth variations exceed the possibilities of 
bell excursion dives, the storage depths can be adjusted by 
intermediate compressions and/or decompressions.

In the early time of North Sea installation, some clients 
insisted in decompressing divers during bad weather, based 
on the idea that they would be safer closer to the surface if 
the situation was to deteriorate. Divers could be subjected 
to a significant series of intermediate decompressions just 
because of bad weather. Following three intermediate 
decompressions in a row imposed on Comex divers by the 
November weather conditions in the Shetlands, the practice 
was eventually banned.
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In 1986, Comex introduced a limitation to intermediate 
decompression based on the understanding that 
decompression was stressful and limitations should be 
based on a ‘maximal acceptable dose’. The maximum dose 
was defined as a decompression distance of 200 msw, which 
corresponded to the deepest available storage depth in their 
manual. The principle was that this distance could be split 

into a series of intermediate decompressions. Intermediate 
decompressions could be cumulated as long as their total 
distance would not exceed 200 msw. The system could 
be ‘pushed’ beyond reasonable limits if multiple small 
intermediate compressions/decompressions were used (saw 
tooth-shaped profile).

Around the same time, another company, Rockwater, 
introduced a limitation based on the number of intermediate 
decompressions followed by a compression to a new storage 
depth, known as the ‘W’ profile (Figure 5). The W-profile 

Figure 3
Decompression times in decimal hours for several typical 
storage depths, for the company procedures reviewed; the pre-
decompression hold is excluded from the decompression time. 

std – standard

Figure 4
Daily decompression rate (msw·day-1) versus depth (msw), for the 

11 different procedures analysed

Company
Decompression duration (h) by storage depth

60 msw 90 msw 120 msw 150 msw

A 60.0 85.0 110.0 135.0

B 60.0 85.0 110.0 135.0

C 59.0 83.0 107.0 131.0

D 60.0 85.0 110.0 135.0

E 59.0 83.0 107.0 131.0 

F 65.5 88.5 111.5 134.

G 73.2 97.8 122.5 147.1

H 64.7 89.1 113.5 137.9

I 73.2 97.8 122.5 147.1

J 85.0 110.0 135.0 160.0

K 74.2 107.7 129.0 153.3

Range 59.0–85.0 83.0–110.7 107.0–135.0 131–160.0

Median 64.7 88.5 111.5 135.0

NORSOK 78.0 104.0 130.0 156.0

Table 5
Final decompression durations in decimal hours for several typical storage depths for the companies. The pre-decompression hold is 

excluded from the decompression time. h – hours; msw – metres of seawater
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was restricted to one intermediate decompression and one 
intermediate compression before final decompression. The 
system could also be ‘pushed’ by using an intermediate 
decompression/compression of high amplitude but many 
companies adopted it because of its simplicity.

Finally, in Norway, NPD referred to a publication from the 
Hades database to justify the notion that the dive planning 
should be based on minimum change of storage depths and 
excursion exposures. The NORSOK standards thus included 
the more restrictive rule of the ‘V’ profile where divers can 
work at intermediate storage depths during decompression 
but cannot be recompressed to any deeper storage depth.20  
This position was later judged as a misinterpretation by JE 
Jacobsen, one of the main authors of the Hades paper, during 
a presentation at a DMAC meeting in 2017.21

The review shows that current practice for limiting 
intermediate decompression is a mixture of the V, W profiles 
and Comex cumulative decompression distance.

EXERCISE DURING DECOMPRESSION

Exercise can be associated with muscle stretch, impacts on 
joints and vibrations. Preconditioning studies on divers have 
shown that exercise reduces VGE levels after the dive.22,23  
It has been postulated that vibrations and vasodilatation 
affect a pre-existing population of bubble precursors and 
therefore could reduce the source of bubble formation 24, 25. 
On the other hand, Madden et al. showed that exercise after 
diving increases the incidence of bubbles appearing in the 
arterial circulation, possibly because of the increase in the 
pulmonary artery pressure.26  It is therefore assumed that 
a light and measured exercise could be beneficial during 
decompression.

Such potential benefit was subjectively evaluated via a 
questionnaire survey performed in 2017 onboard a North 
Sea diving support vessel by one of the authors but not 
published in the associated paper.27  Answers evoked a matter 
of lifestyle. Old divers are reluctant to exercise because, 
during their long careers, they have been consistently told 
that exercising is harmful. Younger and fitter divers exercise 
during decompression and claim that they feel and sleep 
better during this long boring period.

Our review has shown that eight out of 11 companies 
encourage divers to lightly exercise during the decompression. 
This takes the form of a small paragraph named good or 
healthy practice during decompression stating: “Move 
around regularly. Do not maintain a cramped position that 
restricts blood circulation” (procedures G,E and J). The 
more detailed form (procedure A for instance) specifies that 
the exercise must remain moderate such as steppers, bungees 
and static bicycles. In the absence of definitive scientific 
evidence, light exercise during saturation decompression 
remains a matter of diver’s personal choice.

PUBLISHED DECOMPRESSION SICKNESS INCIDENCE

The evaluation of the DCS risk in modern saturation 
operations is difficult. Companies do not share information. 
We did not request this information from the 11 companies 
participating in the study.

Among the historical procedures, Comex documented 
their safety performances with an exposure database 
and published their saturation diving track records. The 
average DCS incidence was 1.02% (59 DCS cases in 5,744 
exposures) for dives performed using procedures described 
in the 1979 Comex manual.28  It decreased to 0.54% 
(12 DCS in 2,200 exposures) for dives performed with 
Comex procedures later implemented in the French 1992 
diving regulations (unreferenced report). All symptoms were 
exclusively articular pain, reported during the last metres of 
the ascent and never at surface.

Seaway also developed a database (Hades) for the monitoring 
of their diving operations.20  In 1978, the results published 
for their saturation decompressions indicated an overall DCS 
incidence of 0.83% (22 DCS cases in 2,662 exposures,). 
As in the Comex database, all cases were articular pain 
occurring in the last part of the decompression.

The only modern source is PSA in Norway that has been 
collecting and publishing saturation safety records since 
1990.29  The cases are all recorded in the Norwegian 
sector and therefore associated with use of the NORSOK 
procedures. The site accessed on 21/09/2023 indicates one 
DCS case recorded since 2000. The corresponding incidence 
cannot to be evaluated because the exposures are expressed 
as men x hours in saturation and not saturation dives.

Finally, the diving manager of one of the participating 
companies indicated to the authors that DCS has become 
a rare event and stated “we have not had a bend in the last 
10 years”. This is in line with the authors’ experience with 

Figure 5
The ‘W’ rule used for storage depth adjustments during one 

saturation
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other companies. Nowadays, across the industry, DCS is not 
observed in saturation diving.

MEASURED VGE GRADES

Venous gas emboli are commonly observed after 
asymptomatic dives using acoustic doppler or ultrasound 
imaging. Although the presence of VGE is by itself not 
predictive of DCS for a given diver, a statistical link is 
observed in surface-oriented diving between the amount 
of observed VGE in a group of divers and the incidence of 
DCS.30,31

Significant VGE grades were detected during deep saturation 
decompression in the experimental dives and operational 
dives conducted in Norway.32,33  These high levels of VGE 
contrast with recent measurements performed during 
operations in the North Sea. In 2017, we monitored 49 
saturation divers after decompression from 120 and 140 msw 
using echocardiography and detected no bubbles.34  In 2022, 
we monitored 15 divers using ultrasound subclavian Doppler 
detection during and after saturation decompression from 
40–50 msw storage depths, and found no bubbles.

Our experience with bubble monitoring is that high grades of 
VGE are no longer a concern in the saturation decompression 
we monitored, at least to 140 msw.

PULMONARY OXYGEN TOXICITY

Oxygen plays a major role during decompression. It 
increases the inert gas gradient between tissue and blood 
as well as the oxygen window and permits accelerating the 
decompression.19  However, high levels of oxygen generate 
reactive oxygen species that interfere with normal cell 
functions. While central nervous system toxicity is not a 
concern in saturation diving, pulmonary toxicity can be a 
limiting factor.

The PO
2
 should not be too low. An experimental saturation 

dive to 240 msw was conducted in Norway with slow 
decompression rates and reduced PO

2
 during decompression 

(500 mbar during the day, 300 mbar during the 8 h night 
stop). No change in pulmonary function was observed. 
However, one case of DCS was recorded among the eight 
divers.35  This suggests the difficulty of safely decompressing 
from saturation with a low oxygen level. Prof. Lambertsen 
had a definite position on the subject that he summarised as 
“better cope with the effects of oxygen than with the ones 
of DCS”.36 

On the other hand, a high PO
2
 cannot be sustained for 

too long. Early saturation decompressions used a 600 
mbar chamber PO

2
 (Comex 1979) but when diving 

moved to deeper depths in Norway and in Brazil, longer 
decompressions raised the problem of pulmonary toxicity. 
The PO

2
 was reduced to 500 mbar and the use of a 600 

mbar PO
2 
was restricted to less than 155 msw (Comex 1986 

manual). Ultimately, a 500 mbar chamber PO
2 
became the 

company standard for all depths. 

Our survey has shown that while one company uses a 
chamber PO

2 
of 530 mbar (procedure E), most companies 

use 500 mbar as an optimal value (procedures A, B, F, G, 
H, I, J and K, i.e., eight out of 11 companies) or 490 mbar 
(procedures C and D).

The divers’ tolerance of pulmonary oxygen toxicity is 
difficult to measure and predict.37  The industry approach 
was based on ‘units of pulmonary toxicity dose’ (UPTD) 
because of their simplicity.38  However, it has been shown 
that the UPTD dose is not an appropriate tool for measuring 
oxygen toxicity, in surface oriented diving.39

Arieli developed a dose index accounting for recovery 
and validated it against a sample of saturation exposures.40  
However, given the paucity of exposure data at the lower end 
of the hyperoxic spectrum, the model remains to be validated 
for operational use in saturation diving. It is therefore 
currently not possible to reliably estimate a pulmonary toxic 
threshold dose for the company procedures.

It must be noted that the higher PO
2
 to which the divers 

are exposed is the one used during the bell dives, for six 
continuous hours, daily. Therefore, most of the hyperoxic 
exposure takes place during the bottom phase.

It appears that the PO
2
 used in current saturation procedures 

is the result of successive empirical adjustments and a better 
understanding of both the excursion and decompression 
design. Hence, the oxygen toxicity dose calculations could 
help optimising the diver’s hyperbaric oxygen exposure.

EVOLUTION OF SATURATION PROCEDURES

In the 70’s, navies, universities and governments conducted 
research and provided diving procedures to the industry. The 
last large research led by the industry was the Norwegian 
deep diving program of the 80’s. Today, companies rely on 
themselves to improve their diving procedures.

The drive for such changes is no longer DCS occurrence but 
instead, the need for more flexible procedures. Managing 
operations of large and expensive diving vessels requires 
options and alternatives.

The ethical principles and the practical procedures for the 
development of decompression tables, were published by the 
Undersea Medical and Hyperbaric Society in the conclusions 
of a workshop on validation of decompression tables, in 
1987.41  These conclusions have been since considered as 
the reference for developing and improving decompression 
procedures. The principles developed in these conclusions 
are based on small step changes and careful evaluation. They 
include the following activities:
1. Evaluation of the latest scientific and medical information. 
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2. Definition of the models. Publication of the new 
procedures.
3. Monitoring operations to identify areas of improvement 
of the provisional procedures.
4. Validating the changes on selected worksites under 
controlled conditions before acceptance.
5. Review and analysis of data collected. 
6. Approval of the new procedures or reiteration.

These principles are in line with the industry procedures 
of management of change that also stress the importance 
of validation and monitoring. They provide referenced 
standards permitting the companies to monitor and improve 
their diving procedures.

TRENDS

We have seen discrepancies between procedures. Table 5 
shows a difference of 25.7 hours between the slowest and 
the fastest decompression time from 150 msw storage depth. 
However, as discussed during the DMAC 2014 meeting in 
Aberdeen, we do not have any information that would enable 
us to evaluate the consequence of these differences on the 
divers’ health.42

We have also observed a convergence within procedures 
(moving towards similar PO

2
, similar daily decompression 

rates, similar pre-decompression holds, etc.). Table 5 also 
shows that for seven companies, there is less than 5 h 
difference in the decompression time from 60 to 150 msw 
storage depth.

Because no large-scale research project has been conducted 
since the Norwegian deep diving contracts, we identified 
three ways the company procedures have evolved through:
• Internal evolution based on empirical adjustments. 

This is facilitated by freelance personnel freely moving 
between companies and carrying along their knowledge 
and experience.

• Forced evolution after takeovers and mergers between 
companies.

• Guided evolution by regulations, industry standards and 
client’s requirements.

These evolutions have been made possible by the sharing of 
the company experiences within the industry associations 
such DMAC, IMCA and the International Association of 
Oil and Gas Producers (IOGP).
From this analysis, we foresee two possible paths for this 
evolution: standardisation and harmonisation:
• Standardisation assumes a stakeholder’s association, 

i.e., contractors or clients, that defines, endorses 
and publishes policies. As opposed to government 
authorities, such associations have the capacity to 
rapidly adapt and change their policies.

• Harmonisation results from free adhesion to a practice. It 
supposes a consensual objective and sharing of scientific 

evidence, experiences and policies. Harmonisation is 
likely to continue with the internationalisation of the 
offshore industry.

KNOWLEDGE GAP

We believe that saturation procedures will continue to evolve 
and that this evolution must be supported by scientific 
research. Our experience is that divers’ monitoring, which 
part of the Undersea and Hyperbaric Medical Society 
recommendations, brings valuable support to this evolution.

Commercial diving faces, at least two physiological 
challenges:
• The ageing of the population of divers and their capacity 

to cope with the various diving stresses.
• The oxygen partial pressures during saturation dive. 

We said that accurate models are required to evaluate 
pulmonary oxygen toxicity dose over a saturation. 
This dose must be managed considering that the bell 
excursion dives expose the divers to high PO

2
’s and this 

impacts the use of oxygen in decompression.

Companies seek flexibility to manage the modern and 
expensive diving support vessels that keep moving from 
one contract to the other. They need instructions on how to 
deal with these multi project campaigns that periodically 
change the working depths. They seek clear guidance for 
using all the possibilities of intermediate decompressions 
and ascending/descending/extended excursions.

Companies also need guidance in managing divers’ rotation 
onboard these vessels. It is known that saturation diving is 
associated with endothelial dysfunction and inflammatory 
stress, followed by a recovery.34,43,44  Hence, the way the 
divers manage their careers, alternating saturations and 
rest periods, is important. The DMAC note 21 seems to 
provide adequate guidance in managing saturation duration 
and between dive intervals since we noted in the sample 
diver’s population that a 61-year-old diver can still obtain 
his saturation diving certificate. However, it is believed that 
more information is required to combine saturation diving 
and air diving, standard diving and deep diving, etc.

Conclusions

Eleven leading diving companies have provided their 
saturation procedures under a confidentiality agreement.
The comparison of procedures shows that:
• Current saturation procedures are derived essentially 

from the US Navy, Comex and NORSOK procedures.
• Diving companies have since empirically modified these 

procedures according to their needs and experience. This 
explains discrepancies like rest stops versus continuous 
decompression, intermediate decompression limitations 
and decompression holds.

• Chamber PO
2
 settings and decompression rates 



Diving and Hyperbaric Medicine  Volume 54 No. 1 March 2024 37

exhibit a surprising homogeneity, probably due to the 
convergence of independent efforts for improvement, 
clients’ requests and requirements from regulations.

The review reveals trends:
• An ongoing harmonisation of procedures, based on 

the company systems for management of change and 
influenced by the internationalisation of the offshore 
industry.

• DCS has become a rare event for the companies 
participating in this review.

• Companies seek a higher flexibility for the management 
of modern diving support vessels. They need guidance 
pertaining to intermediate decompressions.

Finally, we believe that the companies need to seek scientific 
expertise to address pending physiological problems:
• Evaluation of the impact of an ageing population of 

divers.
• Optimisation of inspired oxygen pressure during 

saturation.
• Guidance on how to manage intervals between saturation 

and air diving, standard saturation and deep diving.
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Abstract
(Turner BL, van Ooij P-JAM, Wingelaar TT, van Hulst RA, Endert EL, Clarijs P, Hoencamp R. Chain of events analysis 
in diving accidents treated by the Royal Netherlands Navy 1966-2023. Diving and Hyperbaric Medicine. 2024 31 
March;54(1):39−46. doi: 10.28920/dhm54.1.39-46. PMID: 38507908.)
Introduction: Diving injuries are influenced by a multitude of factors. Literature analysing the full chain of events in diving 
accidents influencing the occurrence of diving injuries is limited. A previously published ‘chain of events analysis’ (CEA) 
framework consists of five steps that may sequentially lead to a diving fatality. This study applied four of these steps to 
predominately non-lethal diving injuries and aims to determine the causes of diving injuries sustained by divers treated by 
the Diving Medical Centre of the Royal Netherlands Navy.
Methods: This retrospective cohort study was performed on diving injuries treated by the Diving Medical Centre between 
1966 and 2023. Baseline characteristics and information pertinent to all four steps of the reduced CEA model were extracted 
and recorded in a database.
Results: A total of 288 cases met the inclusion criteria. In 111 cases, all four steps of the CEA model could be applied. 
Predisposing factors were identified in 261 (90%) cases, triggers in 142 (49%), disabling agents in 195 (68%), and 228 
(79%) contained a (possible-) disabling condition. The sustained diving injury led to a fatality in seven cases (2%). The 
most frequent predisposing factor was health conditions (58%). Exertion (19%), primary diver errors (18%), and faulty 
equipment (17%) were the most frequently identified triggers. The ascent was the most frequent disabling agent (52%).
Conclusions: The CEA framework was found to be a valuable tool in this analysis. Health factors present before diving 
were identified as the most frequent predisposing factors. Arterial gas emboli were the most lethal injury mechanism.

Introduction

Scuba diving is a popular, growing sport practiced by more 
than six million divers worldwide.1  Due to the physiological 
changes induced by water immersion and submersion, 
exercise, and the usage of specialised equipment, every dive 
contains inherent risks, albeit small, for the diver’s health 
and safety.2  Other factors influencing the safety of a dive 
are, for example, human factors (e.g., mistakes made due to a 
lack of training), a diver’s medical history and environmental 
factors (e.g., water conditions including temperature). In 
addition, injuries sustained while diving can occur due to 

various mechanisms, such as sudden pressure changes and 
insufficient decompression.

Due to the complex interplay between the aforementioned 
factors influencing the risk of incidents, determining a 
single causal factor for a diving injury is rarely possible. 
There are several studies available presenting data on diving 
injuries.3–7  However, literature often focusses on specific 
aspects or outcomes of diving accidents.3–6,8–10  Data on 
the full spectrum of factors influencing the occurrence of a 
diving injury are limited.
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The ‘chain of events analysis’ (CEA) was first introduced 
by Denoble and further developed by Lippmann.6,9  It allows 
for consideration of the entire accident sequence of a diving 
fatality.  The CEA framework consists of five steps: (1) 
predisposing factors, (2) triggers, (3) disabling agents, (4) 
disabling conditions and (5) cause of death. In non-fatal 
incidents the final phase is not applicable, so the CEA is 
reduced to the initial four steps (Table 1). Older studies 
using CEA contain data discrepancies due to the use of 
varying categorisation and terminology.6,7  The root cause 
analysis method used by other studies does not allow for 
including predisposing factors.7,11  Human factors, which 
have been shown to be a significant factor in the occurrence 
of diving accidents, can also be taken into account in the 
CEA framework.9,12

Applying the CEA framework on a large dataset could 
generate meaningful insights for the diving medical 
community due to its structured approach and inclusion 
of human factors. For example, frequently identified 
predisposing factors could help dive medical physicians to 
screen more effectively, and frequently identified triggers 
could show diving instructors important focus points for 
training.

The primary aim of this study was to analyse the frequency 
and causes of diving injuries sustained by divers seen 
or treated by the Diving Medical Centre of the Royal 
Netherlands Navy (DMC) using the standardised CEA 
method. The secondary aim was to assess the value of the 
CEA method in determining mechanisms of diving injuries 
for future research and documentation.

Step Definition Example

Predisposing
factor

A relevant factor that was present prior to the dive, and/or prior to 
the trigger occurring, and which is believed to have predisposed to 
the incident and/or to key components in the accident chain (e.g., 

the trigger or disabling agent)

A diver with acute 
rhinitis and limited 

training

Trigger
The earliest identifiable event that appeared to transform an 

unremarkable dive into an emergency
A malfunctioning

communication system

Disabling
agent

An action or circumstance (associated with the trigger) that caused 
injury or illness. It may be an action of the diver or other persons, 
reaction of the equipment, effect of a medical condition or a force 

of nature

A rapid ascent

Disabling
condition

An injury caused by the diving accident
Decompression 

sickness

Table 1
Definitions of the phases contained within the chain of events analysis, adapted from Lippmann9

Figure 1
The distribution of included cases per year
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Methods

This retrospective cohort study was performed by applying 
CEA on pseudonymised medical records and related 
documents at the DMC. The study was conducted in 
accordance with the recommendations of the surgeon general 
of the Ministry of Defence (reference: DGO20230511). The 
data collected during this study was stored and analysed in 
compliance with national privacy legislation and European 
Data Protection Regulations (GDPR).

INCLUSION AND EXCLUSION CRITERIA

Injury reports and medical files of potentially eligible diving 
injuries between 1966 (the year of inception of the DMC) 
up to August 2023 were screened. The population consisted 
of civilian and military divers treated or examined by a 
dive medical physician. A record was included if both the 
description of the diving incident and the medical files of 
the diver were available and the dive medical physician at 
the time of the incident deemed the injury to be related to 
a diving accident. Records were excluded if the description 
of the diving incident was not available or the injury was 
not sustained through diving.

DATA EXTRACTION AND OUTCOMES OF INTEREST

Aside from baseline characteristics, such as age, sex, and 
weight, data on dive profiles, treatment, and recovery of the 
divers were collected as well. Furthermore, the categories 
for each step in the CEA, as defined by Lippmann, were 
compared to the information described in the record. 
Except for sex, all baseline characteristics were assessed 
for normality using a Jarque-Bera test.

ANALYSIS

The records were analysed and encoded by author BT. 
Additionally, cases were cross-checked by two senior dive 
medical physicians (RH and PJvO), and, if necessary, 
discussed until a consensus was reached.

The definition provided for each step of the CEA is described 
in Table 1. Because most cases seen by the DMC are non-
fatal, it was decided to extend Lippmann’s framework by 

utilising the ‘Disabling condition’ category for non-fatal 
diving injuries as well as fatal diving injuries. The symptoms 
and diagnoses were encoded using ICD-10 Version 2019 
codes.13

Descriptive statistics were obtained from the assembled 
dataset using SPSS Statistics for Windows software (2020, 
version 27.0; IBM Corp; Armonk, NY). 

Results

In total, 288 cases met the inclusion criteria for the period 
1966–2023. The distribution of the cases per year is shown 
in Figure 1.

Height was normally distributed, while body mass index 
BMI, weight, and age showed a non-normal distribution. 
The median age of the casualties was 34 (IQR 28.0–43.3), 
and 76.7% were male. Males had a slightly higher median 
BMI than females, respectively 24.5 (IQR 24.5–25.3) and 
23.8 (IQR 21.6–26.7). Baseline characteristics are presented 
in Table 2. In total, 81.3% of cases concerned civilians and 
17.0% military divers. Of these military divers, 18.4% were 
part of the Royal Netherlands Army, 79.6% were part of the 
Royal Netherlands Navy, and one diver’s military branch 
was not specified. Furthermore, in three cases (1.0%) the 
divers were part of the fire brigade.

In 38.5% of cases (111/288) one or more risk categories 
in each of the four steps within the CEA model could be 
identified. All 288 cases were included in the final analysis, 
including the 61.5% (177/288) of cases in which not all steps 
were identified. In some cases, multiple relevant categories 
were identified per step, especially the predisposing factors. 
Table 3 presents the distribution of the identified categories 
within each step.

PREDISPOSING FACTORS

Predisposing factors were identified in 90.6% (261/288) 
of cases. The most frequently identified categories were 
‘Health’ (n = 308, divided over 159 unique cases), ‘Activity’ 
(n = 90), ‘Planning’ (n = 47) and ‘Training’ (n = 31). The 
category ‘Health’ was comprised of multiple subcategories, 
including the most frequently identified subcategories 

Parameter Total (n = 288) Male (n = 221) Female (n = 67)

Age (years) 34.0 (28–43.3, n = 261) 34.0 (27–44, n = 197) 34.0 (28–40, n = 64)

Height (cm) 179.0 (171–186, n = 131) 183.0 (179–188, n = 89) 169.0 (167–174, n = 42)

Weight (kg) 78.0 (69–89, n = 131) 84.0 (76–91.5, n = 89) 65.0 (61–70.5, n = 42)

BMI (kg·m-2) 24.4 (22.4–27.1, n = 131) 24.5 (24.5–25.3, n = 88) 23.8 (21.6–26.7, n = 42)

Table 2
Baseline characteristics; data depict median (interquartile range, and number of observations); BMI – body mass index 
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Table 3
Distribution of the identified categories; *this subcategory contains decompression sickness type 1 (n = 41 for Diagnosis, n = 4 for 
Possible diagnosis), decompression sickness type 2 (n = 90 for Diagnosis, n = 15 for Possible diagnosis) and air embolism (n = 22 for 

Diagnosis, n = 8 for Possible diagnosis)
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‘diagnosis in medical history’ (n = 144), ‘health problems 
present before dive’ (n = 60) and ‘history of smoking’ (n = 
39). Further analysing the ‘diagnosis in medical history’ 
category for medically relevant diagnoses resulted in 83 
remaining identifications.

TRIGGERS

Triggers were identified in 49.3% (142/288) of cases. 
‘Exertion’ (n = 28), ‘Primary diver error’ (n = 26), and 
‘Equipment’ (n = 25) were the most frequently identified 
triggers.

Each overarching trigger category contains multiple 
subcategories. The most frequently identified subcategories 
were ‘out of air’ (n = 9, belonging to Gas supply), ‘mask 
filled with water’ (n = 8, belonging to Equipment), 
‘accidental ascent’ (n = 7, belonging to Buoyancy) and 
‘ignoring diving computer’, ‘ascending too fast’ (n = 7, 
belonging to Primary diver error).

DISABLING AGENTS

Disabling Agents were identified in 67.7% (195/288) of 
cases. ‘Ascent’ (n = 107), ‘Medical’ (n = 34), and ‘Post-
dive’ (n = 27) were most frequently identified as disabling 
agents. Within the ‘Other’ category, two frequently occurring 
subcategories, ‘Ascent to altitude after diving’ (n = 11) and 
‘Exertion after dive’ (n = 10), were grouped under the new 
category ‘Post-dive’.

Two of the most frequently occurring subcategories are 
contained within ‘Ascent: Ascending too fast’ (n = 63) and 
‘Staying at depth too long’ (n = 15). Another frequently 
occurring subcategory is contained within ‘Medical’: 
‘Volume depletion’ (n = 17), which represents cases where 
dehydration was considered a disabling agent.

DISABLING CONDITIONS

The disabling conditions were divided into ‘Diagnosis’ 
(229/288 cases) and Possible diagnosis (50/288 cases) 
based on the information present in the case reports and 
medical charts. A disabling condition was only scored as a 
‘Diagnosis’ if the report specified it as such, otherwise, it 
was categorised as a ‘Possible diagnosis’. In the remaining 
cases, no (possible-) diagnosis was provided by the diving 
medicine physician.

The most frequently identified category was ‘Injury, 
poisoning, and certain other consequences of external 
causes’ (n = 168 for Diagnosis, n = 31 for Possible diagnosis). 
This category contained the three most frequently occurring 
diagnoses and possible diagnoses: ‘Decompression sickness 
type 1’ (n = 41 for Diagnosis, n = 4 for Possible diagnosis), 
‘Decompression sickness type 2’ (n = 90 for Diagnosis, 
n = 15 for Possible diagnosis) and ‘Air embolism’ (n = 21 
for Diagnosis, n = 8 for Possible diagnosis).

The second most frequently occurring category contained 
in Diagnosis was ‘Diseases of the respiratory system’ 
(n = 14), containing, among other subcategories, 
‘Pneumothorax’ (n = 5) and ‘Pulmonary oedema’ (n = 4). The 
third category, ‘External causes of morbidity and mortality’ 
(n = 9), contained, among other things, the diagnosis ‘Exposure 
to high and low air pressure and changes in air pressure’ 
(n = 6). 

FATALITIES

In 2.4% (7/288) of cases, the diver died due to the sustained 
diving injury. Arterial gas emboli were the most frequent 
cause (n = 3), one resulted from a complication of immersion 
pulmonary oedema. Unspecified, either venous or arterial, 
gas emboli, drowning, and an allergic asthma attack were 
each the cause of one fatality. No data on the autopsies of 
the fatal injuries were available.

Discussion

This retrospective cohort study performed on the medical 
records of the Diving Medical Center of the Royal 
Netherlands Navy utilised the CEA method to analyse diving 
injuries. In our opinion, the CEA framework is valuable 
for diving medicine, due to the inclusion of predisposing 
factors that can directly translate to dive medical screenings 
performed by diving physicians, as well as the insights 
gained about the importance of training and planning.

Assessing the occurrence of categories identified in our 
application of the framework provides us with insights 
regarding risk factors influencing diving injuries. We 
identified a category for each step within the CEA model 
in 40% of cases. The ‘health’ category represented over 
half of all identified predisposing factors. Both formally 
diagnosed medical conditions and health problems present 
before the dive started, as reported by the diver, were 
included in this category. However, the distinction must 
be made between relevant health factors and health factors 
of unknown clinical significance. Making this distinction 
in our analysis resulted in a reduction of 42.4% (from 144 
to 83 diagnoses). The health category still remained the 
most frequently identified category, which seems to be in 
agreement with the literature, since underlying co-existing 
medical conditions have been shown to be a risk factor for 
diving fatalities and injuries.11,14–16

Interestingly, we have not identified cardiac events as 
disabling agents, which previous studies analysing diving 
fatalities have labelled as the most frequent disabling agent, 
albeit in cohorts of older recreational divers.7,17,18  We did, 
however, observe cardiac conditions as predisposing factors. 
This difference could, therefore, be due to the use of our 
classification system and our data, which mainly consisted of 
diving injuries instead of diving fatalities.7,17  The relatively 
young age, 34 years on average, of our cohort could further 
contribute to our lack of observed cardiac issues.
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An important note is that not all health factors identified 
as predisposing factors may have had the same amount of 
causal influence on the diving injury. For example, a shoulder 
contusion may have had less influence on the occurrence 
of the diving injury than the dehydrated status of the diver, 
while both have been identified as predisposing factors.

Undertaking exertional activities while diving, such as 
moving heavy objects underwater and swimming for long 
distances, appeared to contribute to the triggering of a 
diving injury, which is in accordance with risk factors for 
diving injuries identified by other studies.8,19  A possible 
causal relation could exist between the ‘activity’ and 
‘exertion’ categories used as predisposing factors and 
triggers respectively. Underlying medical conditions and 
a lack of training can affect the level of exertion that a 
diver experiences. This illustrates the value of chain of 
events analysis, which enables us to take the influence of 
predisposing factors on factors occurring during the dive 
into account.

Triggers regarding equipment and gas supply were also 
frequently identified, which other studies have shown as 
well, underlining the importance of pre-dive checks and 
showing the influence of human factors when these checks 
are lacking.6,17,20

We identified a rapid ascent, a well-known risk factor for 
developing decompression sickness, as a frequent disabling 
agent, which is in agreement with other studies.6,8,17,21,22

In our application of the framework, we chose to include 
each case that contained at least one identifiable step in 
the CEA model in our dataset. Cases in which not all steps 
are identified, for example due to a lack of documentation, 
can still provide interesting information when analysing 
individual steps. For example, a case containing only 
predisposing factors and a disabling condition can be of 
value when researching risk factors. However, in our opinion 
the value of the CEA is in the connections made between 
each step. Therefore, we suggest future studies aiming to 
analyse the entire chain of events to only include cases 
without missing steps.

Further research utilising this framework should consider our 
findings of utilising a filter for relevant medical diagnoses 
as well as utilising ICD-10 coding for predisposing factors 
and disabling injuries. A limitation of ICD-10 coding is 
that the most frequent diagnoses and fatal injuries are all 
part of one overarching category. Therefore, we suggest 
explicitly distinguishing between arterial gas embolism 
and decompression sickness types 1 and 2 when using 
ICD-10 coding for other parts of CEA. A category within 
the ‘Disabling agents’ step concerning ‘Ascent to altitude 
after diving’ should be added, especially as this is a (risk) 
factor for developing decompression sickness. Further 
application of the framework will no doubt give rise to even 
more novel categories.

Furthermore, a way to analyse casual relations between 
categories, such as triggers causing diving injuries when 
specific predisposing factors are present, should be 
developed. This could result in valuable insights for diving 
injury prevention and treatment. These inter-categorical 
trends could be analysed by performing a multinomial 
regression analysis, keeping the risk of overfitting in mind 
and focusing on the relations between categories one step 
at a time.

A limitation of the CEA model is that the exact causal 
relationship between the predisposing factors and the diving 
injury sustained is not fully retraceable by only analysing 
the overview of identified categories but requires looking at 
each case in more detail. Furthermore, human factors, which 
have been shown to play a major role in the occurrence of 
diving injuries, are not fully incorporable in the analysed 
CEA model, especially detailed contextual factors such as 
psychological aspects.23

The strength of each CEA relies on the documentation of 
the diving injuries. Because of the potentially invaluable 
insights that could be gained by performing large-scale 
CEA, we suggest the application of a standardised format 
to document diving injuries that ensures the recording of 
essential information for future CEA applications. This 
format could be digitalised and should consist of a field for 
each step in the CEA model. Special attention should be 
paid to human factors that influenced the diving injury and 
medical factors. Of course, to ensure the usage of this format, 
it should not take the physicians a substantial amount of extra 
time to use this new documentation system.

STRENGTHS AND LIMITATIONS

This study’s main strength is that it is, to our knowledge, 
the first application of CEA on a dataset of this size and in 
predominantly non-fatal incidents. Furthermore, it could 
serve as a proof of concept of the proposed model, albeit 
with the addition of the ICD-10 classification.

There are also some limitations. The collection and analysis 
of data in a retrospective cohort using chart review is 
subject to certain limitations by default. The data quality is 
dependent on the information contained within the medical 
records and eyewitness accounts, which may be incomplete, 
speculative, and biased. This could have influenced the 
quality of our CEA. While from an academic perspective, 
this is a limitation, we feel it represents reality - not all 
information may be accessible in accident investigations.

We have utilised the medical records and additional 
material available in our archives, which did not contain 
all documentation of follow-ups. Therefore, some cases 
contained less information than others, which could have 
led to an underrepresentation of some categories. However, 
as the model has proven useful even with this limitation, 
we feel having all data would only increase its validity. 
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Moreover, not all (fatal) diving injuries in The Netherlands 
are treated at the DMC, which means our dataset contains a 
level of selection bias. Generalisation of our results to other 
populations should be done carefully.

Lastly, classifying cases into categories of the CEA, which 
is a simplified representation of reality, contains subjectivity. 
Therefore, misclassification could have occurred. This 
is, however, an inherent limitation of models utilising 
categories. We have tried to mitigate this bias by involving 
multiple researchers when doubt arose. Furthermore, we 
feel that simplification could perhaps contribute to grasping 
the complexity of reality and identifying valuable lessons, 
in contrast to trying to understand known and unknown 
factors and their multifactorial interactions and failing to 
reach a conclusion.24

Conclusions

We have found the CEA framework to be a valuable tool 
in analysing diving injuries and have made suggestions 
to improve the framework, including the application of 
filtering for relevant health factors and using standardised 
ICD coding.

In the cohort of diving accidents from 1966–2023, ‘health 
problems’ was the most commonly identified predisposing 
factor for diving injuries (~58%). Furthermore, the ‘activity’ 
undertaken by the diver seems to contribute to a diving injury 
occurring as well (~18%). ‘Exertion’ (~19%), ‘primary 
diver errors’ (~18%) and ‘faulty equipment’ (~17%) were 
the most common diving injury triggers. The ‘ascent of the 
diver’  was the most often occurring disabling agent (~52%).

The most frequently occurring diving injuries were 
decompression sickness type 1 (~15%) and type 2 (~32%) 
and arterial gas embolism (~8%). Arterial gas embolism was 
the most lethal injury (~43% of fatalities).
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Review article

Introduction

Necrotising soft tissue infections (NSTI) are a collection 
of rare but serious infections that can lead to widespread 
tissue destruction and threaten considerable morbidity 
and mortality. NSTI encompasses conditions such as 
necrotising fasciitis, Fournier’s gangrene, necrotising 
cellulitis and necrotising myonecrosis.1  A large Danish 

registry-based study demonstrated all-cause mortality rates 
of 19% at 30 days, 25% at 90-days, and 30% at one-year.2  
Treatment modalities include early surgical debridement, 
broad spectrum antibiotics and often organ support in an 
intensive care unit, however there is ongoing discourse as 
to the effectiveness of adjuvant therapies such as hyperbaric 
oxygen treatment (HBOT) and intravenous immunoglobulin 
(IVIG) administration.1
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Abstract
(Wackett J, Devaney B, Chau R, Ho J, King N, Grewal J, Armstrong J, Mitra B. Reported outcome measures in necrotising 
soft tissue infections: a systematic review. Diving and Hyperbaric Medicine. 2024 31 March;54(1):47−56. doi: 10.28920/
dhm54.1.47-56. PMID: 38507909.)
Introduction: There are inconsistencies in outcome reporting for patients with necrotising soft tissue infections (NSTI). 
The aim of this study was to evaluate reported outcome measures in NSTI literature that could inform a core outcome set 
(COS) such as could be used in a study of hyperbaric oxygen in this indication.
Methods: A systematic review of all NSTI literature identified from Cochrane, Ovid MEDLINE and Scopus databases 
as well as grey literature sources OpenGrey and the New York Academy of Medicine databases which met inclusion 
criteria and were published between 2010 and 2020 was performed. Studies were included if they reported on > 5 cases 
and presented clinical endpoints, patient related outcomes, or resource utilisation in NSTI patients. Studies did not have 
to include intervention. Two independent researchers then extracted reported outcome measures. Similar outcomes were 
grouped and classified into domains to produce a structured inventory. An attempt was made to identify trends in outcome 
measures over time and by study design.
Results: Three hundred and seventy-five studies were identified and included a total of 311 outcome measures. Forty eight 
percent (150/311) of outcome measures were reported by two or more studies. The four most frequently reported outcome 
measures were mortality without time specified, length of hospital stay, amputation performed, and number of debridements, 
reported in 298 (79.5%), 260 (69.3%), 156 (41.6%) and 151 (40.3%) studies respectively. Mortality outcomes were reported 
in 23 different ways. Randomised controlled trials (RCTs) were more likely to report 28-day mortality or 90-day mortality. 
The second most frequent amputation related outcome was level of amputation, reported in 7.5% (28/375) of studies. The 
most commonly reported patient-centred outcome was the SF-36 which was reported in 1.6% (6/375) of all studies and in 
2/10 RCTs.
Conclusions: There was wide variance in outcome measures in NSTI studies, further highlighting the need for a COS.



Diving and Hyperbaric Medicine  Volume 54 No. 1 March 202448

Treatment with hyperbaric oxygen involves breathing 100% 
oxygen at greater than atmospheric pressures, substantially 
increasing serum partial pressures of oxygen. There are a 
number of proposed phyiological mechanisms by which 
repeated increased partial pressures of oxygen may improve 
outcomes in NSTI. Multiple retrospective observational 
studies and a recent meta-analysis demonstrate reduced 
in-hospital mortality in NSTI patients treated with HBOT, 
however Level 1 evidence is currently lacking and the 
use of HBOT varies between centres.3  Heterogeneity in 
outcome reporting limits the quality of data available for 
meta-analysis.

Thus, it follows that the selection of outcome measures for 
prospective trials is critical.4  A core outcome set (COS) is an 
agreed standardised set of outcomes that should be measured 
and reported, as a minimum, in all clinical trials in specific 
areas of health or health care.4  High quality prospective trials 
use outcomes that are predetermined, but in the absence of a 
COS, findings are variably reported, and reporting bias may 
be introduced.5  Currently, there is no consensus amongst 
clinicians, researchers and patients regarding the outcome 
measures that should be collected and reported in studies 
assessing potential interventions for NSTI.6  A Cochrane 
Review of interventions for NSTIs in adults demonstrated 
that only one third of included studies reported all the 
predetermined outcomes.7  Such inconsistencies preclude 
the synthesis of data in meta-analyses and reduce the quality 
of evidence available to form clinically relevant conclusions 
that ultimately benefit patient care.

The aim of this systematic review was to develop an 
inventory of outcome measures used in NSTI studies.  We 
evaluated associations between methodological design and 
outcome reporting. It was expected that the findings will 
inform the development of a COS for NSTI, which will 
lead to enhanced ability to evaluate the efficacy of adjuvant 
therapies such as HBOT.

Methods

This systematic review was designed in accordance with 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guideline.8  The review protocol 
was developed a priori and registered with the International 
Prospective Register of Systematic Reviews (PROSPERO), 
registration number CRD42022330268.  The inventory of 
reported outcome measures generated by this review will 
inform Delphi surveys and consensus meetings as part of a 
broader initiative to develop a  COS in NSTI.

After the initial search, all steps were undertaken in duplicate 
by independent reviewers.

SEARCH STRATEGY

A comprehensive literature search was undertaken using 
Cochrane, Ovid MEDLINE and Scopus databases as well 
as grey literature sources OpenGrey and the New York 
Academy of Medicine databases. Searches were performed 
for a 10-year period (January 2010 − August 2020) to 
record an extensive list of outcomes being reported for this 
relatively rare group of conditions, as well as to identify 
how research in NSTI may have changed over time. Medical 
subject headings and keywords such as “Necrotising soft 
tissue infections”, “Fournier gangrene”, and “Gas gangrene” 
were combined using the “OR” operator to ensure a breadth 
of results were returned. An example of the full search 
strategy as was used for Ovid MEDLINE is provided in * 
Appendix 1.

STUDY ELIGIBILITY

Studies were included if they related to NSTI and reported 
one or more patient outcomes provided they also met the 
following criteria:

Types of studies: All study designs were included except for 
case reports, case series of < 5 cases, case series that only 
express their outcomes individually or qualitatively (e.g., 
a case series of eight cases described in detail but with no 
pooling or tabulation of patient outcomes). These study 
designs were excluded to avoid outcome measures that are 
less relevant or achievable for larger studies.

Types of participants: We included studies that reported 
outcomes of NSTI patients of all ages, geographic locations, 
and disease phenotypes (necrotising fasciitis, Fournier’s 
gangrene etc) that were at any stage in the course of their 
disease (inpatient or outpatient).

Types of interventions: Studies of any/all interventions for 
NSTI were included. Studies not assessing an intervention 
were also included, provided they reported on patient 
outcomes.

Types of outcomes: Studies were included if they reported 
any patient related outcome or clinical endpoint, including 
outcomes related to mortality, morbidity, recovery, quality 
of life, and adverse events. Outcomes reported in the body 
of text, tables and/or figures were included. Patient and 
observer reported outcomes were included.  Studies that 
did not include any patient centred outcomes or resource 
utilisation outcomes were excluded (e.g., laboratory-based 
studies reporting specific biomarkers only).

STUDY SELECTION PROCESS

All reviewers involved in the study selection process 
underwent training to ensure they understood the context of 

Footnote: * Appendix 1 is available on DHM Journal's website: https://www.dhmjournal.com/index.php/journals?id=330
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the review, the inclusion/exclusion criteria and how to use 
the Covidence software prior to study screening.

The title and abstract of each study were screened 
independently and in duplicate by two reviewers (BD, JA, 
JW). The primary reason for exclusion at this stage was 
study design (e.g., case study or case series with < 5 cases). 
The full text of studies found to meet the inclusion criteria 
were then retrieved. Again, two reviewers (JA, JG, JH, JW, 
RC) reviewed each study independently and in duplicate. 
Disputes at either stage were reviewed and resolved by the 
senior reviewer (JW).

QUALITY ASSESSMENT

Examination and synthesis of data related to patients 
or treatment effects was not performed. To produce an 
exhaustive list of outcomes and to compare potential 
differences in reporting between different study designs, all 
relevant studies were included, regardless of methodology. 
Thus, no risk of bias or quality assessment of studies was 
performed, as we only sought to extract the relevant outcome 
measures that were reported in each study.

DATA EXTRACTION

Online software from Research Electronic Data Capture 
(REDCap) was used to extract and securely store data.9  
Alongside the outcome measures reported by each study, we 
recorded each study’s author, year of publication, country 
it was primarily conducted in, study design and number of 
NSTI patients included. We noted whether studies declared 
sources of funding or potential sources of bias, although this 
data is not presented here.

Data were extracted from each study independently and in 
duplicate by two reviewers (JG, JH, JW, NK, RC). Both 
primary and secondary outcomes were recorded.

DATA ANALYSIS

Following extraction in duplicate, the two sets of data were 
exported into Microsoft® Excel. Any discrepancies were 
flagged and reviewed by the senior reviewer (JW).

Outcomes that were similar but spelt or worded differently 
were reviewed by the senior reviewer to ensure the meaning 
was the same and subsequently merged, for example; “days 
in hospital” and “length of hospital stay (days)”. Many 
studies reported the same outcome measure but at different 
time points, such as; “mortality at 7 days”, “mortality at 3 
months”, “in-hospital mortality”. In these cases, they were 
included as separate outcomes, as it is the intent of this study 
to identify the individual outcomes and time points that were 
considered important to researchers of NSTI. Ultimately, an 
individual list of outcomes that were reported by each study 

was generated. This list was used to create a comprehensive 
outcome inventory.

One group has developed a taxonomy for outcome measures 
to increase the efficiency of searching resources and databases 
by facilitating uniformity of outcome classification.10  This 
taxonomy has been adopted by the Core Outcome Measures 
in Effectiveness Trials (COMET) initiative as well as the 
Cochrane Linked Data Project.10  With this work in mind, 
the outcome measures identified in this systematic review 
were organised into eleven different outcome domains and 
then classified under five core areas based on their subject 
matter; mortality, physiological/clinical, resource use, life 
impact and adverse outcomes.

Results

The online search retrieved 4,256 titles and they were 
exported to the reference management tool EndNote X8 
where 1,069 duplicates were removed.11  Remaining studies 
were input into the online systematic review software 
Covidence where a further 303 duplicates were identified 
and removed.12  After abstracts had been screened, 436 
studies were selected for full text review. Figure 1 outlines 
this process.

Figure 1
Preferred reporting items for systematic reviews and meta-analyses 
(PRISMA) flow diagram; outcome reporting of patients with NSTI
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Three hundred and seventy-five studies were included; 
references are provided in *Appendix 2. Of these, 86% 
(324/375) of studies were retrospective which included a 
total of 276,119 patients and 2.7% (10/375) were randomised 
controlled trials including 904 patients. In total, 7,062 
patients were included in prospective studies.

A total of 311 distinct outcomes were reported 2,629 times 
by the included studies. Of these, 48% (150/311) of outcome 
measures were reported by two or more studies. Outcome 
measures were classified into 11 outcome domains and 
are presented under the five core areas consistent with the 
taxonomy developed elsewhere; mortality, physiological/
clinical, life impact, resource use and adverse events.10  
These are detailed below. A full inventory of the outcomes 
reported, their relative frequency and their stratified domains 
can be found in *Appendix 3.

Tables 1–5 show the most reported outcomes in each domain. 
Each table outlines the total number of studies that reported 
an outcome and the number of patients in those studies. The 
total pool of studies is also further subdivided into study 
design, either prospective or randomised controlled trials 
(RCT) and by year of publication, either 2010–2015 or 
2016–2020, to give an indication on how outcome reporting 
may be changing over time.

CORE AREA: MORTALITY/SURVIVAL (TABLE 1)

Mortality without time specified was the most frequently 
reported mortality related outcome, appearing in 79.5% 
(298/375) of studies. Sixty percent (6/10) of RCTs reported a 
mortality outcome, of which four specified a time point.  28-
day mortality was the most commonly reported time point, 
appearing in 40% (4/10) of RCTs. Ninety-day mortality was 
more frequently reported in the second five-year period of 
extraction (2016-2020), being reported in 13/175 (7.4%) 
of included manuscripts. Survival time was less frequently 
reported among studies in the second five-year period at 
9.7% (17/175), compared to 8.5% (17/200) in the earlier 
period of this study. A further 16 mortality related outcomes 
can be found in *Appendix 3.

CORE AREA: PHYSIOLOGICAL/CLINICAL (TABLE 2)

Amputation performed was an outcome reported in 
41.6% (156/375) of studies and 50% (5/10) of RCTs. The 
next most reported amputation related outcome, level of 
amputation, was reported in 7.5% (28/375) of studies 
but was not recorded in any RCTs. There were 13 other 
amputation related outcomes identified and can be found in 
*Appendix 3, but none were reported by more than three 
studies.

Footnote: * Appendices 2 and 3 are available on DHM Journal's website: https://www.dhmjournal.com/index.php/journals?id=330

Outcome
% of total 

studies
n patients

Reported in %
of prospective 

studies

Reported in 
% of RCTs

Reported in 
% of studies 
2010–2015

Reported in 
% of studies 
2016–2020

Mortality 
without time 
specified

79.5% 
(298/375)

267,990 45.1% (23/51) 20% (2/10)
85.5% 

(171/200)
72.6% 

(127/175)

In hospital 
mortality / 
‘survival to 
discharge’

25.1% 
(94/375)

11,3154 23.5% (12/51) 20% (2/10)
24.5%

(49/200)
25.7% 

(45/175)

Survival time
6.7% 

(25/375)
48,607

11.7% 
(6/51)

0% (0/10)
8.5% 

(17/200)
4.6% (8/175)

30-day 
mortality

5.6% 
(21/375)

10,184 21.6% (11/51) 0% (0/10) 4.5% (9/200)
6.9%

(12/175)

28-day 
mortality

5.3% 
(20/375)

5,465 21.6% (11/51) 40% (4/10) 4.5% (9/200)
6.3% 

(11/175)

90-day 
mortality

5.1%
 (19/375)

1,900 29.4% (15/51) 30% (3/10) 3.0% (6/200)
7.4%

(13/175)

ICU mortality
3.5% 

(13/375)
1,273

3.9% 
(2/51)

0% (0/10) 3.0% (6/200) 4.0% (7/175)

Table 1
Mortality/survival outcomes; ICU – intensive care unit; RCTs – randomised controlled trials
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Number of debridements required was the most reported 
debridement related outcome, being reported in 40.3% 
(151/375) of total studies, including 33.3% (17/51) of 
prospective studies and 40% (4/10) of RCTs. No other 
debridement related outcomes were reported in more than 
five studies. A further 10 debridement related outcomes can 
be found in *Appendix 3.

Skin graft requirement was reported in 23.5% (88/375) 
of studies including 15.7% (8/51) of prospective studies. 
Surgical flap requirement (without regard to the specific type, 
e.g. rotational, free etc) was reported in 11.7% (44/375) of 
papers but only 2.0% (1/51) of prospective studies. There 
were 26 other closure/reconstruction outcomes *Appendix 3.

Healing related outcomes. A total of 18 healing 
related outcomes were identified and can be found in 
*Appendix 3. Only two, however, were reported by more 
than two studies. The most frequently recorded outcome 
was wound healing time (cicatrisation time) which could be 
found in 2.7% (10/375) of studies, including 316 patients.

Other Surgical outcomes. Number of procedures/surgeries 
required was recorded in 22.9% (86/375) of studies. Of 
those, 33.7% (29/86) also reported number of debridements 
required. There were 26 other surgical outcomes reported 
in *Appendix 3.

Composite scores/endpoints. Numerous studies recorded 
sequential organ failure assessment (SOFA) scores at 
different stages of admission (e.g., score at Day 1, Day 2, 
Day 7 etc). In an attempt to distinguish between patient 
characteristics and outcomes, the authors decided to 
include SOFA scores at time points longer than 14 days as 
outcomes. This juncture was chosen as the day-14 modified 
‘mSOFA’ has been validated for NSTI patients as a part 
of the Necrotising Infection Clinical Composite Endpoint 
(NICCE).13  A total of seven composite score outcomes 
are listed in *Appendix 3, five of which were included in 
RCTs. The SOFA score (Day 14) was reported by 30% 
(3/10) of RCTs.

CORE AREA: LIFE IMPACT (TABLE 3)

Patient perspective related outcomes. Outcomes relating to 
the patient’s perspective were recorded infrequently, with 
only four outcomes being reported by more than one study. 
The Medical Outcomes Short Form-36 questionnaire result 
(SF36) was the most reported patient perspective related 
outcome and was found in 1.6% (6/375) of all studies 
and was measured in 20% (2/10) of RCTs. Twenty more 
outcomes can be found in *Appendix 3, all of which were 
only reported in one study each.

CORE AREA: RESOURCE USE (TABLE 4)

Length of hospital stay was reported in 69.3% (260/375) 
of studies, making it the second most commonly reported 
outcome overall after mortality without time specified. It was 
also reported in 47.1% (24/51) of prospective studies and 
80% (8/10) of RCTs. Ventilation (days) was more frequently 
reported than ventilation (hours) appearing in 8.8% (33/375) 
of studies compared to 1.3% (5/375). There are 17 more 
resource use related outcomes listed in *Appendix 3.

Discharge related outcomes. The most frequently reported 
discharge related outcome, discharge home, was reported 
in 4.8% (18/375) of studies, representing 40,466 patients.  
Discharge to skilled nursing facility was reported in 2.4% 
(9/375) of studies representing 113,368 patients. Nine further 
discharge related outcomes can be found in *Appendix 3.

CORE AREA: ADVERSE EVENTS (TABLE 5)

A total of 102 adverse event/complication outcomes 
are listed and further classified into subcategories in 
*Appendix 3. Eighty-four of these were recorded in five or 
less studies.

Discussion

The major strength of this review is its comprehensive nature. 
A systematic and predetermined approach was utilised, and 
by using broad search terms, the studies identified are 
likely a thorough representation of the NSTI literature. All 
stages of the review were conducted in duplicate to reduce 
recording bias. To the best of the authors’ knowledge, 
this is the only study reporting systematically on outcome 
measures in contemporary NSTI literature. This review 
demonstrated variability in outcome reporting for NSTI. 
No single outcome was consistently found in every study 
and only four outcomes (mortality without time specified, 
length of hospital stay, amputation performed, number of 
debridements required) appeared in more than one third 
of studies. This heterogeneity of reporting limits evidence 
synthesis and the ability to compare data sets.14  Varied and 
inconsistent use of outcomes measures leaves meta-analyses 
unable to include data from all relevant studies or forces them 
to make assumptions about unclear reporting.7,15

Studies representing less than five patients were excluded 
from this review, as were those that made no attempt to 
summarise or pool their results. Therefore, it is probable 
that certain novel or unique NSTI outcomes were missed in 
these smaller studies. This potential limitation was accepted 
given the broader intent of this study was to inform the 
development of a COS for future prospective trials. The 
frequently reported outcomes may also not be relevant to 
key stakeholders, as demonstrated by a profound lack of 
patient-centred outcome measures.
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Outcome
% of total 

studies
n 

patients

Reported in %
of prospective 

studies

Reported 
in % of 
RCTs

Reported in 
% of studies 

2010–15

Reported in 
% of studies 

2016–20

Short Form-36
(SF36)

1.6% (6/375) 324 3.9% (2/51) 20% (2/10) 1% (2/200) 2.3% (4/175)

Pain score (visual 
analogue scale)

0.5% (2/375) 92 2.0% (1/51) 20% (1/10) 0% (0/200) 1.1% (2/175)

Derriford appearance 
scale 

0.5% (2/375) 92 0% (0/51) 0% (0/10) 0.5% (1/200) 0.6% (1/175)

Disability 0.5% (2/375) 597 0% (0/51) 0% (0/10) 0% (0/200) 1.1% (2/175)

Outcome
% of total 

studies
n 

patients

Reported in % 
of prospective 

studies

Reported in 
% of RCTs

Reported in 
% of studies 

2010–5

Reported in 
% of studies 

2016–20

Resource outcomes

Length of 
hospital stay

69.3% 
(260/375)

61,784 47.1% (24/51) 80% (8/10)
67.5% 

(135/200)
71.4%

 (125/175)

Length of ICU 
stay (days)

27.5% 
(103/375)

60,749 23.5% (12/51) 40% (4/10) 26% (52/200)
29.1% 

(51/175)

Ventilation
(days)

8.8% (33/375) 4,127 13.7% (7/51) 30% (3/10) 9.5% (19/200) 8.0% (14/175)

Cost per patient 2.9% (11/375) 49,987 0% (0/51) 0% (0/10) 3.5% (7/200) 2.3% (4/175)

Ventilator-free 
days

2.4% (9/375) 11,730 7.8% (4/51) 3% (3/10) 2.5% (5/200) 2.3% (4/175)

Discharge outcomes

Discharged 
home

4.8% (18/375) 40,466 5.9% (3/51) 10% (1/10) 4.5% (9/200) 5.1% (9/175)

Discharged to 
skilled nursing 
facility

2.4% (9/375) 113,368 2.0% (1/51) 0% (0/10) 1.5% (3/200) 3.4% (6/175)

Discharged to 
rehabilitation

1.6% (6/375) 1,576 2.0% (1/51) 0% (0/10) 2.5% (5/200) 1.7% (3/175)

Discharged to 
other hospital

1.6% (6/375) 10,237 0% (0/51) 0% (0/10) 1% (2/200) 2.3% (4/175)

Routine 
discharge

1.6% (6/375) 5,6151 2.0% (1/51) 0% (0/10) 2% (2/200) 1.1% (2/175)

Table 3
Life impact outcomes; RCTs – randomised controlled trials

Table 4
Resource use outcomes; ICU – intensive care unit; RCTs – randomised controlled trials
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One-hundred-and-two discreet adverse event outcomes 
were reported, many of them only appearing in a small 
number of studies. This is likely a representation of papers 
investigating NSTIs affecting specific anatomical regions 
(e.g., craniofacial NSTI) and reporting anatomically specific 
outcomes (e.g., proptosis) that would not be generalisable 
or relevant to all studies of NSTI.

When comparing outcome measures reported by studies 
published between 2010–2015 to those published between 
2016–2020 a possible trend towards reporting more specific 
outcomes is noted. Vague outcome measures such as ‘organ 
failure/dysfunction’ and ‘mortality without time specified’ 
became less frequent, whilst more specific outcomes such 
as 28-day mortality, 30-day mortality, 90-day mortality 
appear more frequently. This is consistent with an increased 
emphasis on reporting transparency through preregistration 
of study protocols, which aims to decrease the risk of data 
being manipulated to support a hypothesis.16  Also of note 
is that patient reported outcomes such as Medical Outcomes 
Short Form-36 (SF-36) and pain score (visual analogue 
scale) were reported more frequently in the latter period, 
however the total number of studies utilising these outcomes 
remains very low.

Although a trend towards more specific outcome reporting 
is promising, in the absence of a COS the ability to 
generalise data is still limited. As has been previously noted 
in the literature, the limited number of studies that have 
investigated HBOT and other adjuvant therapies for NSTI 
have not reported consistent outcome sets,7,17–19  posing 
significant challenges in performing meta-analyses.3  This is 
a particularly important issue in NSTI given the rarity of the 
condition as well as the paucity of high-quality prospective 

trials. Thus, there remains ongoing discourse regarding the 
role of HBOT and other measures in NSTI management. 
The inconsistency in reporting is evidenced in this review by 
mortality being reported in 23 different ways with varying 
time points or qualifiers.

Quality assessments of the included studies were not 
performed, as examination and synthesis of data was beyond 
the scope of this review. In developing a COS, it may be 
useful to further investigate the outcome measures utilised 
specifically in high quality studies. Potential weaknesses 
of this review include that the search was limited to 
English language results (although most studies identified 
and included were produced in countries where English 
is not the official language) and the exclusion of studies 
which reported solely laboratory-based outcome measures.  
Exclusion of qualitative outcomes that were neither pooled 
nor tabulated is another potential, although likely minor, 
limitation.

This study is the first in a series that aims to develop a COS 
for NSTI. It offers an inventory of outcomes reported in 
NSTI research which can now be proposed to an expert 
panel through a Delphi study, for determination of the most 
important outcomes to be included in future trials.

Conclusion

This systematic review provides a comprehensive inventory 
of the outcome measures currently being utilised for NSTI 
research and demonstrates a marked heterogeneity in 
outcome reporting. This inventory is a critical first step in 
the development of a COS, a process which is now underway 
in a separate Delphi study.

Outcome
% of total

 studies
n patients

Reported in % 
of prospective 

studies

Reported in 
% of RCTs

Reported in 
% of studies 

2010–15

Reported in 
% of studies 

2016–20

Septic shock 16.3% (61/375) 60,019 15.7% (8/51) 0% (0/10) 13% (26/200) 20% (35/175)

Sepsis 12.3% (46/375) 13,215 7.8% (4/51) 0% (0/10) 13.5% (27/200) 10.9% (19/175)

Organ failure/ 
dysfunction

11.2% (42/375) 59,832 7.8% (4/51) 20% (2/10) 16% (32/200) 5.7% (10/175)

Acute kidney
injury

8.8% (33/375) 10,037 7.8% (4/51) 0% (0/10) 8.5% (17/200) 9.1% (16/175)

Pneumonia 6.1% (23/375) 53,992 5.9% (3/51) 10% (1/10) 6.5% (13/200) 5.7% (10/175)

CVS 
complications 
(not otherwise 
spec)

5.6% (21/375) 116,920 3.9% (2/51) 0% (0/10) 5.5% (11/200) 5.7% (10/175)

Acute respiratory 
failure

5.6% (21/375) 63,160 2.0% (1/51) 10% (1/10) 6.5% (13/200) 4.6% (8/175)

Table 5
Adverse events outcomes; CVS – cardiovascular system; RCTs – randomised controlled trials
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Abstract

(Devaney B. Equipoise: an important ethical consideration when contemplating participation in a randomised controlled 
trial of hyperbaric oxygen treatment in necrotising soft tissue infections. Diving and Hyperbaric Medicine. 2024 31 
March;54(1):57−60. doi: 10.28920/dhm54.1.57-60. PMID: 38507910.)
A proposal for a large, multi-centre, randomised controlled trial investigating the role of hyperbaric oxygen treatment 
(HBOT) in necrotising soft tissue infections (NSTI) has led to much discussion locally and internationally about whether 
participation is ethical for a centre where stakeholders already consider HBOT standard practice. This article systematically 
addresses the concept of clinical equipoise specific to the role of HBOT in NSTI, and presents a series of considerations to 
be taken into account by key stakeholders at potential participating sites.

Introduction

Highly regarded and widely published Danish colleagues 
are in the advanced phases of planning a multinational 
randomised controlled trial (RCT) investigating the use of 
hyperbaric oxygen treatment (HBOT) for necrotising soft 
tissue infections (NSTI). The trial involves patients with 
NSTI being randomised to receive either standard care 
(surgical debridement, antibiotics, intensive care support) 
or standard care plus HBOT.

Some Australian hospitals have used HBOT as part of the 
treatment for NSTI for many years, based on early work 
in clostridial infections, clinical experience and several 
retrospective and prospective studies that indicate HBOT 
may provide a mortality benefit.1–3

There has not previously been an RCT addressing this. 
Challenges in planning an RCT are imposed by the rarity of 
NSTI (requiring a multicentre, international study to achieve 
adequate power), the practical issues and considerations 
for the management of severely ill patients, as well as 
uncertainty amongst stakeholders regarding the presence or 
absence of equipoise for the role of HBOT in the treatment 
of NSTI.

Equipoise is a state of genuine uncertainty regarding the role 
of a treatment modality or the superiority of one treatment 
over another.  It is a fundamental requirement of ethical 
clinical research, seeking to first do no harm.  Equipoise 
may exist in an individual clinician who is indifferent 
to the treatment modalities (‘individual equipoise’) or 
amongst the expert medical community where ‘honest 
professional disagreement’ exists regarding the role of a 
treatment, or regarding which treatment modality is best 
(‘clinical equipoise’).4,5  A reliance on individual equipoise 
of all clinician investigators in a trial, presents potentially 
insurmountable obstacles to the commencement or 
completion of a controlled trial, and the impact of such a 
scenario on an RCT for HBOT in NSTI will be discussed 
below. In contrast, clinical equipoise considers the entire 
range of expert medical opinion as a priori equally valuable; 
essentially constituting a ‘fair bet’ procedure – and as such 
RCTs in areas of clinical equipoise are considered to not 
present a risk of harm to trial participants.6

In this article I will endeavour to systematically address the 
concept of clinical equipoise specific to the role of HBOT 
in NSTI.
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Commentary

The critical question is ‘is it ethical for centres which already 
utilise HBOT as an adjunct to standard treatment for NSTI, 
to be involved in a study where fifty percent of patients will 
be randomised to not receive HBOT? The answer involves 
another question (a few, actually):

IS HBOT STANDARD TREATMENT FOR NSTI?

My health service treats more cases of NSTI with HBOT 
per year than all other Australian and New Zealand centres 
combined, so this question requires particular consideration.7  
To adequately answer the question, we need to review 
whether the provision of HBOT for NSTI is considered 
standard practice at the individual clinician level, Health 
Service level, State level, national level, and also at an 
international level.

IS TREATMENT OF NSTI WITH HBOT CONSISTENTLY 
OFFERED BY ALL CLINICIANS AT YOUR HEALTH 
SERVICE?

Or does the provision of HBOT depend on specific clinicians 
being present, rostered on, and aware of an NSTI case in 
your centre (e.g., an anaesthetist who is also a hyperbaric 
physician being made aware of the case in theatre, hyperbaric 
doctors ‘finding’ cases, or a ‘believer’ specialty doctor 
making a referral to the Hyperbaric Service)?

In centres where there is variability between clinicians, 
patients with NSTI are essentially already receiving 
‘random’ care (e.g., receiving HBOT or not, based on 
factors independent of any evidence). In this case, it is roster 
allocations or plain chance that determine the treatment 
pathway the patient is allocated to, without the advantages 
of an RCT to advance the level of evidence for (or against) 
this practice. Participating in an RCT simply changes the 
mode of allocation of treatment that is already occurring in 
many centres (amongst numerous other advantages).

IS THERE A CONSENSUS AMONGST CLINICIANS 
AT YOUR HEALTH SERVICE ABOUT THE ROLE OF 
HBOT FOR NSTI?

In Melbourne, we treat more cases of NSTI with HBOT than 
any other centre in Australia or New Zealand.7  Despite this, 
there is still a lack of consensus about the role of HBOT 
for NSTI.

Indeed, we evaluated this specific question and published our 
findings in ANZ Journal of Surgery in 2021.8  We surveyed 
experts at our centre on their beliefs about the role of HBOT 
in the treatment of NSTI. Whilst some clinicians felt strongly 
(n = 4, 6% strongly disagreed that HBOT has a role in the 
treatment of NSTI and n = 8, 12% strongly agreed), the 

most common response (n = 31, 45%) was not being sure 
if HBOT has a role in the treatment of NSTI. We concluded 
that there is clinical equipoise at our centre regarding the role 
of HBOT in the treatment of NSTI, that an RCT should be 
considered ethical, and that further work towards increasing 
the level of evidence is highly necessary.

ARE PATIENTS WITH NSTI ROUTINELY OFFERED 
HBOT IN YOUR STATE?

In Victoria, Australia, they are not. Results from a (currently 
unpublished) project in which data from the Victorian 
admitted episodes dataset (VAED) and the Australia and 
New Zealand Intensive Care Society (ANZICS) adult patient 
database (APD) were linked by the Centre of Victorian 
Data Linkage (CVDL), indicate that less than one third of 
NSTI patients admitted to intensive care units in Victoria 
receive HBOT. That means that over two-thirds of Victorians 
who develop NSTI are not currently being referred for or 
receiving HBOT. Of interest, no statistically significant 
difference was found in APACHE III score or predicted 
risk of death in the groups who went on to receive, or not 
receive, HBOT.

WHAT ABOUT ON A REGIONAL LEVEL? IS HBOT 
FOR NSTI CONSIDERED STANDARD ACROSS 
AUSTRALIA AND NEW ZEALAND?

It is not. Table 1 contains the number of cases of NSTI who 
received HBOT as reported by each Hyperbaric facility 
around Australasia in the 2022–2023 financial year; if the 
Alfred’s case numbers reflect less than one third of the 
Victorian NSTI case load, these statistics indicate that only 
a very small fraction of patients from around Australasia are 
currently receiving HBOT for NSTI. Assuming that disease 
incidence is similar across Australia and New Zealand, these 
data indicate a greater than ten-fold variation in the use of 
HBOT between regions.9,10

WHAT ABOUT ON AN INTERNATIONAL LEVEL?  
IS HBOT STANDARD PRACTICE FOR NSTI 
INTERNATIONALLY?

It is not. The use of HBOT for NSTI varies markedly between 
countries.

In July 2018 the NHS England published their Clinical 
Commissioning Policy: Hyperbaric Oxygen Therapy for 
necrotising soft tissue infections (all ages).11  They concluded 
that there is not enough evidence to make the treatment 
available at this time, and funding was removed for the use 
of HBOT for NSTI from 1 April 2019. Likewise in the USA, 
only ~1% of NSTI cases are treated with HBOT.12

In contrast, more than one third of patients with NSTI in 
Denmark receive HBOT.3
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DO INTERNATIONAL SCIENTIFIC SOCIETIES 
UNIVERSALLY RECOMMEND HBOT FOR NSTI?

The recommendations from international societies vary; 
some do not recommend HBOT (e.g., The American 
Infectious Disease Society),13 some do recommend HBOT 
(e.g., The European and American Societies for diving and 
hyperbaric medicine),14,15 and some suggest consideration 
of HBOT if available and not interfering with standard 
treatment (e.g., World Society of Emergency Surgery and 
the Surgical Infection Society Europe).16

WHAT DOES COCHRANE SAY?

The authors of a Cochrane review published in 2015 
concluded: “This systematic review failed to locate relevant 
clinical evidence to support or refute the effectiveness of 
HBOT in the management of necrotizing fasciitis. Good 
quality clinical trials are needed to define the role, if any, 
of HBOT in the treatment of individuals with necrotising 
fasciitis”.17

SO DOES CLINICAL EQUIPOISE EXIST?

Irrefutably, at every level.

Nevertheless, one could argue that with all this uncertainty, 
maybe it will be simpler to just stay sitting on the fence? 
Definitely. This trial won’t be quick, or easy. However, 
without a unified effort, the likelihood of completion of this 
RCT falls. The status quo will remain; ongoing uncertainty 
amongst experts, ongoing inequity for patients, and ongoing 
inconsistency in the delivery of care for people with NSTI 
at hospital, state, national and international levels.

It is critical that such an RCT is planned by experts. If a 
poorly planned or inadequately powered trial were to be 
conducted, the outcome would likely be negative and may 
result in reduced use of HBOT for NSTI at centres which 
currently utilise HBOT, regardless of the actual impact 
HBOT has on NSTI.  Clinical opinion may also shift away 
from a state of equipoise, which would reduce the possibility 
of a future, well conducted trial.

ARE THERE ANY OTHER ETHICAL CONSIDERATIONS 
WE SHOULD BE THINKING ABOUT?

I think it’s important to think about the ethics of not 
participating in a large, well-designed, multi-national, 
randomised controlled trial.

Our centre could take the position that HBOT is standard 
practice that would be unethical to withhold from 14 of the 
28 Victorian patients with NSTI we treat on average per year.

However approximately 60 other Victorians are admitted 
to intensive care units with NSTI each year and are not 
referred for HBOT, no doubt in part because the current level 
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of evidence isn’t considered adequately robust. There are 
hundreds of people around Australia who develop NSTI each 
year who do not receive HBOT, and there will be countless 
other people, around the world, who will develop NSTI into 
the future. When deciding whether or not to participate in 
an RCT, we must consider the large number of people into 
the future who this choice will impact.

Conclusion

A carefully designed, multi-centre, international randomised 
controlled trial investigating whether HBOT has a mortality 
benefit in patients with NSTI, has the potential for profound 
and lasting impact regardless of the outcome. A negative 
study may result in reduced workload of hyperbaric units 
around the world, millions of healthcare dollars saved and 
the substantial logistics involved with transferring patients 
with NSTI to hyperbaric services reduced. A positive study 
may impact the lives of thousands of NSTI sufferers into the 
future by resulting in increased use of HBOT and increased 
survival for these patients.

Without clearer answers, health services are unlikely 
to invest healthcare dollars into improving capacity for 
hyperbaric treatment of intensive care patients (which may 
already contribute to the low treatment numbers currently 
reported in many hyperbaric centres), and many NSTI 
patients will not be offered HBOT as a result.

If we do nothing, and maintain the status quo, only a small 
fraction of NSTI cases will receive HBOT at a state, national 
and international level.  If there is a survival benefit from 
HBOT – which observational data suggest may be the 
case – remaining at status quo will do more harm than 
good. Perhaps the real question should be: is it ethical not 
to participate?

What’s your position?
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Abstract
(Tsushima R, Mori K, Imaki S. Secondary deterioration in a patient with cerebral and coronary arterial gas embolism after 
brief symptom resolution: a case report. Diving and Hyperbaric Medicine. 2024 31 March;54(1):61−64. doi: 10.28920/
dhm54.1.61-64. PMID: 38507911.)
Introduction: Hyperbaric oxygen treatment (HBOT) is recommended for arterial gas embolism (AGE) with severe symptoms. 
However, once symptoms subside, there may be a dilemma to treat or not.
Case presentation: A 71-year-old man was noted to have a mass shadow in his left lung, and a transbronchial biopsy was 
performed with sedation. Flumazenil was intravenously administered at the end of the procedure. However, the patient 
remained comatose and developed bradycardia, hypotension, and ST-segment elevation in lead II. Although the ST changes 
spontaneously resolved, the patient had prolonged disorientation. Whole- body computed tomography revealed several black 
rounded lucencies in the left ventricle and brain, confirming AGE. The patient received oxygen and remained supine. His 
neurological symptoms gradually improved but worsened again, necessitating HBOT. HBOT was performed seven times, 
after which neurological symptoms resolved almost completely.
Conclusions: AGE can secondarily deteriorate after symptoms have subsided. We recommend that HBOT be performed 
promptly once severe symptoms appear, even if they resolve spontaneously.

Introduction

Arterial gas embolism (AGE) is an arterial occlusion caused 
by bubbles that results in organ ischaemia. Most cases occur 
in compressed gas diving or medical procedures, including 
arterial catheterisation, cardiovascular surgery, positive 
pressure ventilation, and bronchoscopy. The incidence 
rate of AGE during bronchoscopy is 0.00096% for all 
bronchoscopic procedures.1

Hyperbaric oxygen treatment (HBOT) and normobaric 
oxygen (NBO)2 are recommended as treatments. Among the 
types of AGE, HBOT is recommended for treating coronary 
and cerebral artery embolisms.3  Most experts recommend 
HBOT even if initial symptoms are mild or improving 
because of the possibility of secondary deterioration. 
However, reports of secondary deterioration in humans 
are very limited.4  Herein, we report a case of cerebral 
and coronary AGE with deterioration after brief symptom 
resolution.

Case presentation

This patient was lost to follow-up, but consent for publication 
of his anonymised case details were obtained from an 
immediate family member. 

A 71-year-old man with a history of chronic obstructive 
pulmonary disease and pulmonary fibrosis presented with 
a mass shadow in the S6 lower lobe of the left lung detected 
on a chest radiograph. The patient was referred to our 
respiratory medicine department for bronchoscopy.

Endobronchial ultrasound-guided sheath transbronchial 
biopsy was performed with mild sedation using intravenous 
midazolam (3 mg), and oxygen was administered 
via a nasal cannula at a rate of 2 L·min-1. Flumazenil (0.5 mg) 
was intravenously administered 27 min after the beginning of 
the procedure; nevertheless, the patient remained comatose, 
with a Glasgow coma scale (GCS) score of 3 (E1 V1 M1). 
A few minutes later, the patient developed bradycardia, 
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hypotension, and ST-segment elevation in lead II, with a 
heart rate of 46 beats·min-1 and blood pressure of 90/70 
mmHg. Atropine (0.5 mg) was intravenously administered 
for symptomatic bradycardia. Subsequently, haemodynamics 
and consciousness improved slightly. The heart rate was 106 
beats·min- 1, blood pressure was 142/98 mmHg, and the 
GCS score was 7 (E2 V1 M4). A 12-lead electrocardiogram 
(ECG) was obtained, which showed ST-segment elevation 
at II, III, and ST depression at I and aVL (Figure 1A). 
Therefore, myocardial infarction was diagnosed. However, 
the ST changes spontaneously resolved approximately 8 min 
later (Figure 1B). Although the ECG changes disappeared, 
the patient had prolonged disorientation with a GCS score 
of 9 (E4 V1 M4), complete left hemiplegia (manual muscle 
testing [MMT] scale score of 1), and total aphasia. Thus, 
we performed whole-body computed tomography (CT), 
which revealed several black rounded lucencies in the left 
ventricle and left cerebral hemispheres, confirming AGE 
(Figure 2A). While the patient received NBO and remained 
in the supine position the neurological symptoms gradually 
improved, evidenced by a GCS score of 14 (E4 V4 M6), 
improvement in left hemiparesis (MMT scale score of 3), and 
improvement in aphasia. A CT scan performed again after 
90 min showed oedematous changes in the right cerebral 
hemisphere, although the gas had disappeared (Figure 2B). 
The patient was then admitted to the intensive care unit for 
conservative treatment. However, shortly after admission, 
the patient became restless and neurological symptoms 
deteriorated again (GCS score 11 [E4 V2 M5]) along with 
worsened left hemiparesis (MMT scale score: 2), and 
HBOT was deemed necessary. The patient was transferred 
to a medical institution equipped with a multiplace HBOT 
chamber.

The first round of HBOT was initiated seven hours and 15 
minutes after the onset of symptoms and was performed 
according to the US Navy Treatment Table 6. During 
treatment, tonic-clonic convulsions were observed three 
times. At each instance, diazepam (5 mg) was intravenously 
administered, and the convulsions were successfully 
controlled. On a once daily basis, the second and third 
round of HBOT were performed according to the US Navy 
Treatment Table 5, and an additional four treatments were 
administered at 152 kPa (1.5 atmospheres absolute) for 90 
minutes.

The neurological findings improved over time, with a GCS 
score of 14 (E4 V4 M6), MMT scale score of 4 in the left 
upper limb, and MMT scale score of 5 in the left lower limb 
at the end of the seventh round of HBOT. Brain magnetic 
resonance imaging fluid-attenuated inversion recovery 
showed an enlarged high-signal intensity area in the right 
cerebral hemisphere (Figure 3). Eight days later, the patient 
was referred to our hospital for rehabilitation.

Neurological findings improved almost completely, except 
for a mild decrease in writing ability and mild paralysis of 
the left finger.

Figure 1
(A) A 12-lead electrocardiogram showing ST-segment elevation at 
II, III, and ST depression at I and aVL; (B) spontaneous ST change 

improvement noted approximately 8 min later

Figure 2
(A) Computed tomography (CT) scan showing rounded lucencies 
in the left ventricle and left cerebral hemisphere; (B) Repeat CT 
90 min later showing bubble disappearance and new edematous 

changes in the right cerebral hemisphere
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The patient was discharged on day 30, with subsequent 
planned outpatient rehabilitation.

Discussion

We encountered a case of cerebral and coronary AGE during 
bronchoscopy. After secondary deterioration, the patient 
was treated with HBOT, resulting in a good outcome. To the 
best of our knowledge, reports of secondary deterioration 
in AGE are limited.4

There are four possible mechanisms involved in secondary 
deterioration: first, there may be re-embolisation by gas 
trapped in one of the heart chambers or pulmonary veins 
that has not yet passed into the systemic circulation;5 
second, minute gas bubbles undetectable on CT may cause 
progression of organ ischaemia; third, inflammatory changes 
in the cerebral blood vessels incited by the passage of 
bubbles may cause a progressive reduction of cerebral blood 
flow;6,7 and fourth, reperfusion may induce inflammation. 
In cases of AGE, it is recommended that the patient is kept 
in a supine position,8 and NBO (as first aid) and HBOT 
are recommended. There are four potential mechanisms 
by which HBOT helps in AGE: first, it encourages bubble 
redistribution and reduces vascular occlusion by decreasing 
bubble volume;9 second, it markedly increases the 
partial pressure of dissolved oxygen in plasma, increases 
oxygen delivery to ischaemic tissues, and inhibits cellular 
damage;10 third, it counters vasodilation of the capillaries 
within hypoxic tissues, thereby minimising collection of 
extravascular fluids, reducing brain vasogenic oedema and 
potentially reducing intracranial pressure;11 and fourth, 

it suppresses leukocyte β2 integrin function, inhibiting 
inflammatory cell adhesion to vascular endothelial cells 
after reperfusion, and suppresses consequent inflammatory 
damage in adjacent tissue.12

Early administration of HBOT, especially within 6–8 h, 
is associated with improved neurological prognosis. A 
systematic review and meta-analysis published in 2023 
showed that increased time-to-HBOT is associated with 
decreased probability of favorable outcome in iatrogenic gas 
embolism.13  Although adverse events such as lung injury, 
pneumothorax, and tympanic trauma have been reported, all 
are rare and manageable,14 and HBOT should be performed 
promptly after the onset of serious symptoms. In this case, 
when the symptoms initially resolved the patient was treated 
with supine positioning and NBO, but later experienced 
secondary deterioration and was treated with HBOT. With 
the benefit of hindsight, HBOT should have been performed 
at the time the symptoms first appeared, with the possibility 
of secondary deterioration in mind.15

Conclusions

This case is a contemporary reminder that AGE can 
secondarily deteriorate after apparent spontaneous recovery. 
We acknowledge that close observation without HBOT has 
been successfully employed after spontaneous recovery from 
AGE where compression was considered risky (because of 
concomitant pneumothoraces).16  However, unless (as in that 
case) there are other complicating factors, we recommend 
that HBOT be provided promptly after diagnosis of AGE, 
irrespective of any spontaneous recovery.

Figure 3
Magnetic resonance imaging signal-change transitions and changes in the manual muscle testing (MMT) score over the course of the 

patient’s treatment with hyperbaric oxygen (HBOT)
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Abstract
(Wong ZKR, Teo CKA, Kwek JWM, Kim SJ, See HG. Hyperbaric oxygen for the treatment of carbon monoxide-induced 
delayed neurological sequelae: a case report and review of the literature. Diving and Hyperbaric Medicine. 2024 31 
March;54(1):65−68. doi: 10.28920/dhm54.1.65-68. PMID: 38507912.)
Introduction: Hyperbaric oxygen treatment (HBOT) remains a recognised treatment for acute carbon monoxide (CO) 
poisoning, but the utility of HBOT in treating CO-induced delayed neurological sequelae (DNS) is not yet established.
Case description: A 26-year old woman presented with reduced consciousness secondary to CO exposure from burning 
charcoal. She underwent a single session of HBOT with US Navy Treatment Table 5 within six hours of presentation, 
with full neurological recovery. Eight weeks later, she represented with progressive, debilitating neurological symptoms 
mimicking Parkinsonism. Magnetic resonance imaging of her brain demonstrated changes consistent with hypoxic ischaemic 
encephalopathy. The patient underwent 20 sessions of HBOT at 203 kPa (2 atmospheres absolute) for 115 minutes, and 
received intravenous methylprednisolone 1 g per day for three days. The patient’s neurological symptoms completely 
resolved, and she returned to full-time professional work with no further recurrence.
Discussion: Delayed neurological sequelae is a well-described complication of CO poisoning. In this case, the patient’s 
debilitating neurocognitive symptoms resolved following HBOT. Existing literature on treatment of CO-induced DNS with 
HBOT consists mainly of small-scale studies and case reports, many of which similarly suggest that HBOT is effective 
in treating this complication. However, a large, randomised trial is required to adequately determine the effectiveness of 
HBOT in the treatment of CO-induced DNS, and an optimal treatment protocol.

Introduction

Carbon monoxide (CO) poisoning affects an estimated 
50,000 people and causes more than 1,000 deaths annually in 
the US.1  In Singapore, the incidence of CO poisoning is low.2  
Most cases are caused by faulty vehicles and house fires, with 
a small proportion due to workplace accidents.3,4  Besides 
acute signs and symptoms, up to 46% of patients with CO 
poisoning may also manifest delayed neurological sequelae 
(DNS) weeks to months after acute poisoning, including 
changes in personality, cognitive disturbances, disordered 
motor movement and focal neurological deficits.5,6

Aside from potentially reducing mortality in patients with 
acute CO poisoning,7  hyperbaric oxygen treatment (HBOT) 
has been associated with a reduced incidence of DNS.8  
HBOT has also been reported as a potential treatment 
modality for DNS.9  We report a case of CO-induced DNS 
successfully treated with HBOT, and assess the utility of 
HBOT for the prevention and treatment of CO-induced DNS.

Case report

A 26-year-old professional working woman with a 
background history of depression was brought to the 
emergency department after being found unconscious in 
an enclosed space next to a tank of burning charcoal. On 
arrival, she was haemodynamically stable but was drowsy 
and confused, with a Glasgow Coma Scale of 11 (Eye 3 
Verbal 3 Motor 5) and a carboxyhaemoglobin level of 
24%. Within six hours of discovery, she was treated with 
US Navy Treatment Table 5 (USN TT5) as per the HBOT 
protocol at our centre. Post-procedure, she regained her 
full mental faculty which allowed her to verbalise her left 
lower leg weakness and gluteal pain. Magnetic resonance 
imaging demonstrated bilateral gluteal myositis with left 
compressive sciatic neuropraxia, which was attributed to 
prolonged immobility in the supine position on the hard floor. 
This was complicated by severe rhabdomyolysis requiring 
medical management. On day seven of admission, she was 
transferred to a private healthcare institution for continuation 
of psychiatric care.
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Eight weeks after her initial presentation, she presented 
again with progressive decline in her motor and cognitive 
function. On assessment, she exhibited new onset 
neurological disturbances with disorientation, inattention, 
and Parkinsons-like features including gait unsteadiness, 
hand tremors, bradykinesia, and apraxia. Coupled with her 
severe left chronic sciatic pain which evolved from her left 
sciatic neuropraxia, she was wheelchair-bound and unable to 
perform basic functional tasks and activities of daily living 
(ADLs). Her detailed neuropsychological assessment is 
presented in Table 1.

Magnetic resonance imaging (MRI) of her brain demonstrated 
diffuse white matter signal abnormalities within both 
cerebral hemispheres consistent with hypoxic ischaemic 
encephalopathy.

The attending neurologist started her on intravenous 
methylprednisolone 1 g per day for three days without 
improvement. Her psychiatric medications were also 
stopped, although those were not known to be associated 
with extrapyramidal side effects. Hyperbaric medicine input 

was sought after a week of failed inpatient management. 
With a working diagnosis of CO-induced DNS, and with no 
other cause identified and no alternative treatment options, 
the patient was offered a trial of HBOT at 203 kPa (2 
atmospheres absolute) for 115 min, which is the treatment 
protocol routinely conducted for wound care in our centre. 
She underwent a total of 20 HBOT sessions, demonstrating 
progressive improvement in her symptoms. At completion, 
she had regained independence in her activities of daily 
living, full resolution of her neurocognitive deficits, marked 
improvement in her chronic sciatic pain, and was able to 
mobilise independently and return to full-time professional 
work with no further recurrence. 

Discussion

RADIOLOGICAL FINDINGS IN CO POISONING AND 
DNS

Radiological abnormalities of the globus pallidus and deep 
white matter are known to be associated with acute CO 
poisoning and similarly have been reported in patients with 

Domain Test Score/Percentile Range

General intelligence Advanced progressive matrices 2 out of 12 –

Executive function

Trail making test – B 215 sec (discontinued) –

Stroop: dots < 1.00% Extremely low

Stroop: neutral words 9.2% Low average

Stroop: colour words 4.7% Very low

Stroop: colour words / dots 50.0% Average

Attention and working 
memory

Digit Span 62.9% Average

Spatial Span 2.3% Very low

Language

Controlled oral word association test 30% Average

Verbal fluency: Animals 75% High average
Modified Boston naming test 

30 items
28 out of 30 Average

Verbal memory
(RAVLT)

Trial A1 69.1% Average

Trial A5 14.8% Low average

Learning trial A1-A5 72.2% Average

Immediate recall (A6) 18.9% Low average

Delayed recall (A7) 75.9% High average

Delayed recognition 37.7% Average

Visuospatial
(WAIS)

WAIS-III block design test 4.7% Very low

Construction Clock drawing test 5% Very low

Processing speed
Trail making test – A < 10.0% Low average

Symbol search 0.1% Extremely low

Table 1
Detailed neuropsychological assessment; neuropsychological assessment demonstrated significant impairment in multiple tested domains 
of general intelligence, executive function, attention and working memory, language, verbal memory, visuospatial, construction, and 

processing speed. RAVLT – Rey auditory verbal learning test; sec – seconds; WAIS – Wechsler adult intelligence scale
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CO-induced DNS.10,11  A prospective observational study 
reported the presence of acute brain lesions on diffusion-
weighted imaging to be an independent predictor of DNS.12

While our patient declined further interval and follow-
up neuroimaging given the clinical improvement and 
subsequent full resolution of her neurological symptoms, 
similar studies have documented interval reduction in 
radiological abnormalities on serial MRI scans, in tandem 
with clinical improvements following prolonged treatment 
with HBOT.13,14  This suggests that MRI may present a 
quantitative method to monitor and assess treatment response 
in patients with CO-induced DNS.

HBOT FOR PREVENTION OF DNS

The effects of HBOT on the prevention of DNS remain 
uncertain in the literature. Some studies showed a reduced 
risk,5 while others conversely reported a higher risk of 
developing DNS with HBOT compared to normobaric 
oxygen therapy (NBOT).15  A Cochrane review in 201116 
presented a pooled analysis of six randomised controlled 
trials (RCTs) suggesting no statistically significant 
difference in DNS incidence between patients treated 
with HBOT versus NBOT. Notably, the only HBOT RCT 
meeting CONSORT criteria demonstrated a significant 
reduction in the incidence of DNS in CO poisoned patients 
treated with HBOT.5  For our patient, due to more pressing 
medical management, she was only able to undergo one 
session of HBOT within a 24-hour period as compared to 
the three HBOT sessions as advocated by Weaver.5  The 
patient’s severe rhabdomyolysis was also suggestive of a 
prolonged duration of non-fatal CO exposure, which may 
have translated to increased cerebral insult. These two 
factors may have further contributed to her marked DNS 
manifestation despite full neurological recovery following 
HBOT in her initial presentation.

HBOT FOR TREATMENT OF DNS

From a review of the literature, no large-scale studies 
have investigated therapeutic outcomes of DNS patients 
treated with HBOT. In the available reports, Parkinsons-
like symptoms are frequently described as part of the 
DNS spectrum with resolution post-HBOT. One series of 
nine patients reported that HBOT decreased the severity 
of impairment in patients with DNS.9  While this finding 
is similarly supported in our case report, as well as other 
small series,14,17 a large, randomised trial is required to 
adequately determine the effectiveness of HBOT in the 
treatment of DNS, as well as to recommend an optimal 
treatment protocol.

Conclusion

Delayed neurological sequelae is an established and 
potentially debilitating complication of CO poisoning. 
While HBOT remains a recommended treatment for acute 

CO poisoning, there are few reports of its efficacy in the 
treatment of CO-induced DNS.

This case report suggests that despite the lack of robust 
evidence for the use of HBOT in CO-induced DNS, it may 
still be very worthy of consideration, as our patient who was 
completely debilitated by her neurocognitive symptoms and 
severe chronic pain was able to regain full independence 
and function as an active member of her profession. Our 
experience in this case suggests that the possible benefits 
outweigh the relatively low risks of HBOT. However, more 
work needs to be done to quantify the effectiveness of HBOT 
in the treatment of CO-induced DNS, and define an optimal 
HBOT protocol.
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Abstract

(Harris RJ, Challen CJ, Mitchell SJ. The first deep rebreather dive using hydrogen: case report. Diving 
and Hyperbaric Medicine. 2024 31 March;54(1):69−72. doi: 10.28920/dhm54.1.69-72. PMID: 38507913.)
Bounce diving with rapid descents to very deep depths may provoke the high-pressure neurological syndrome (HPNS). The 
strategy of including small fractions of nitrogen in the respired gas to produce an anti-HPNS narcotic effect increases the 
gas density which may exceed recommended guidelines. In 2020 the ‘Wetmules’ dive team explored the Pearse Resurgence 
cave (New Zealand) to 245 m breathing trimix (approximately 4% oxygen, 91% helium and 5% nitrogen). Despite the 
presence of nitrogen, one diver experienced HPNS tremors beyond 200 m. The use of hydrogen (a light yet slightly narcotic 
gas) has been suggested as a solution to this problem but there are concerns, including the potential for ignition and 
explosion of hydrogen-containing gases, and accelerated heat loss. In February 2023 a single dive to 230 m was conducted 
in the Pearse Resurgence to experience hydrogen as a breathing gas in a deep bounce dive. Using an electronic closed-
circuit rebreather, helihydrox (approximately 3% oxygen, 59% helium and 38% hydrogen) was breathed between 200 and
 230 m. This was associated with amelioration of HPNS symptoms in the vulnerable diver and no obvious adverse effects. 
The use of hydrogen is a potential means of progressing deeper with effective HPNS amelioration while maintaining respired 
gas density within advised guidelines.

Introduction

In 2020 the Australian ‘Wetmules’ technical diving team 
explored the Pearse Resurgence cave in New Zealand to 
a depth of 245 metres of fresh water (mfw). The dive was 
achieved using electronic closed-circuit rebreathers with 
the ‘diluent gas’ for the deep phase of the dive being trimix 
4% oxygen, 91% helium and 5% nitrogen (Trimix 4/91); a 
composition very similar to what the divers would actually 
be breathing at the deepest point. The purpose of the small 
fraction of nitrogen was that its narcotic effect is known to 
help ameliorate symptoms of the high-pressure neurological 
syndrome (HPNS),1 including troublesome tremors, that may 
arise during the fast ~35 minute descent to 245 mfw. One 
diver (author RJH) was more affected than the other (author 
CJC) consistent with previous observations of inter-subject 
variability,2,3 with tremors appearing around 200m depth. 
Four dry habitats at 40, 27, 16, and 7 mfw (Figure 1) and 
active drysuit heating were utilised to facilitate the 16-hour 
dive in cold (6°C) water. At the deepest point reached, the 
cave continued descending meaning any further exploration 
would require visiting depths beyond 250 mfw.

The desire to descend beyond 250 mfw in future dives 
introduced two problems whose solutions are somewhat 
mutually exclusive.

First, the density of the mix utilised at 245 mfw was 
approximately 7.2 g·L-1. The risk of carbon dioxide (CO

2
) 

retention during rebreather diving appears to increase at 
respired gas densities greater than 6 g·L-1,4 albeit almost 
always when denser gas is breathed during diving-relevant 
levels of exercise (e.g., peaking at 125 Watts).5  In turn, CO

2
 

retention may produce unpleasant / dangerous symptoms, 
although some divers do not appear to develop or notice 
early progressive symptoms and may be at risk of sudden 
cognitive impairment.6  Moreover, whether symptomatic or 
not, CO

2
 retention almost certainly increases a diver’s risk 

of cerebral oxygen toxicity.7  Progressing deeper using the 
same trimix diluent would result in potentially hazardous 
gas densities.

Second, HPNS symptoms (primarily tremors) experienced 
by RJH from 200 m on the previous 2020 dive would 
progressively increase with descent to 250 m and beyond. 
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Any attempt to ameliorate this by increasing the fraction of 
nitrogen in the diluent mix would significantly worsen the 
gas density problem. Conversely, removing the small amount 
of nitrogen in the mix would improve gas density but may 
exacerbate the likelihood of experiencing HPNS.

The solution would be a gas that is both light and slightly 
narcotic, thus allowing elimination of nitrogen from the 
mix and thereby reducing gas density whilst reproducing 
nitrogen’s anti-HPNS effect. It was largely for these 
reasons that commercial and military groups had previously 
undertaken experimentation with hydrogen for deep diving. 
During World War II the Swedish Navy conducted six 
hydrox (hydrogen and oxygen) dives as deep as 160 metres 
of seawater (msw).8  The ‘hydra’ program conducted by the 
French company COMEX over three decades from 1968 had 
seen hydrogen used in dry and wet compressions (primarily 
in saturation diving conditions) as deep as a dry dive to 701 
m equivalent.8  These trials demonstrated that hydrogen 
could be safely breathed by humans with no obvious toxicity 
although its use accelerated heat loss. Hydrogen did exert a 
narcotic effect which helped ameliorate the HPNS, but it was 
too narcotic as an oxygen-hydrogen mix (‘hydrox’) beyond 
about 160 msw, necessitating blending hydrogen with helium 
and oxygen (‘helihydrox’ or ‘hydreliox’) to avoid excessive 
narcosis. An overarching concern throughout these trials was 
the potential for hydrogen to burn or explode if combined 
with oxygen in suitable stoichiometric blends. Previous 
work has shown that the minimum oxygen concentration 
for burning in hydrogen – helium mixtures is within the 
range 4.2 to 6 volume % with the tolerated fraction slightly 
increasing as ambient pressure increases.9

Case report

With the goal of deep diving while controlling the anticipated 
problem with HPNS and keeping gas density within safe 
limits, the Wetmules undertook the first deep rebreather 

dive using hydrogen at the Pearse Resurgence in February 
2023. Initial plans included the dual aims of using hydrogen 
and pushing beyond the 245 mfw mark set in 2020, but 
as the expedition evolved the goal was distilled down to 
evaluating hydrogen on a dive to 230 mfw which, based on 
past experience, was likely to provoke HPNS in RJH.

A G-size cylinder (50 L water capacity) of hydrogen was 
transported to the dive site with other expedition equipment. 
Hydrogen was decanted from this cylinder into a small 
2 L carbon composite cylinder for use during the dive. The 
source hydrogen cylinder was only pressurised to 13.7 MPa 
thus necessitating careful use of a Haskell pneumatically 
driven booster pump to achieve adequate pressure 
(≥ 15 MPa) in the target cylinder.

The dive was undertaken by two divers (RJH and CJC) each 
using twin Megalodon™ rebreathers (Innerspace Systems, 
Centralia, USA) to provide gas supply redundancy without 
the need to carry large numbers of open circuit ‘bailout’ 
cylinders. These twin systems comprise two independent 
rebreathers joined by a common mouthpiece that allows 
easy switching between rebreathers. Only one diver (RJH), 
selected for his previous susceptibility to HPNS, used 
hydrogen and only in his primary rebreather.

The divers descended to 200 mfw over approximately 18 
minutes using trimix 4:91 (4% oxygen, 91% helium, 5% 
nitrogen) as the diluent and (for RJH) with the PO

2
 ‘setpoint’ 

at 70 kPa (0.7 atmospheres absolute [atm abs]) which, at 
200 mfw resulted in 3.3% oxygen in the rebreather loop. At 
this point RJH introduced hydrogen by exhaling gas into the 
water (initially one small tidal volume), and replacing the 
volume from the hydrogen cylinder, now being the source 
of diluent gas. After establishing there were no obvious 
adverse effects, several more tidal volumes were exhaled into 
the water and replaced with hydrogen; a procedure based 
loosely on RJH’s perception of what it would take to replace 

Figure 1
The 40 and 27 mfw habitats (left) and the 16 mfw habitat (right); the 7 mfw habitat was identical to the 16 mfw habitat. The 40 mfw 

habitat was not used on the hydrogen dive
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approximately 30% of the loop volume with hydrogen. The 
divers then continued the descent to the target depth of 230 
mfw with hydrogen feeding into the loop via the automatic 
diluent addition valve on RJH’s rebreather. Subsequent 
back calculation from the hydrogen cylinder pressure and 
the rebreather loop volume suggested RJH was breathing 
approximately 38% hydrogen at 230 mfw.

There were no apparent adverse effects and the most 
significant observation was that having experienced onset 
of HPNS tremors on this occasion at 180 mfw, RJH noticed 
they had disappeared at 230 mfw; a very atypical event for 
him. The gas felt easy to breathe, no change in temperature 
perception was noted, and there was no subjective sensation 
of narcosis. The accompanying diver (CJC), who based on 
past experience was less vulnerable to HPNS, had minor 
HPNS tremors using trimix 4:91 at the same depth.

At approximately 25 minutes run time the divers began 
ascending and at 27 minutes reached 200 mfw where the 
hydrogen cylinder was isolated. With the aim of eliminating 
most of the hydrogen from the loop, a large breath was 
exhaled and replaced with trimix 4:91 at 200 mfw and every 
10 mfw thereafter up to 150 mfw where a complete loop 
flush was undertaken. The PO

2
 setpoint was then increased to 

130 kPa (1.3 atm abs) for the remainder of the decompression.

Other logistics included the use of three dry habitats at 27, 
16 and 7 mfw during decompression (Figure 1). Thermal 
protection included O’Three crushed neoprene drysuits 
(O’Three, Portland, UK) and heated undergarments (Santi, 
Gdynia, Poland) with unlimited 12-volt power supplied 
from 40 mfw upward via a cable from the surface. Seacraft 
diver propulsion vehicles (Seacraft, Krosno, Poland) 

were used to minimise exertion at depth. The dives were 
controlled by Shearwater NERD 2 and Petrel 3 computers 
(Shearwater, Vancouver, Canada) programmed with 80/85 
gradient factors. For decompression the use of hydrogen 
was effectively ignored because hydrogen could not be 
programmed into the computers, there was no previously 
researched basis for adjusting decompression from a bounce 
dive of this nature using hydrogen, and the exposure to 
hydrogen was very short; approximately 11 minutes below 
200 mfw and another 8 minutes of progressive rebreather 
loop flushing between 200 and 150 mfw in the context of 
a 13.5 hour dive. The decompression was controlled based 
on the use of Trimix 4:91 in the deep phase.

After reaching the 27 mfw habitat, decompression differed 
from a typical dive in that the divers cleared decompression 
to the depth of the next habitat before leaving the one 
currently occupied (Figure 2). Harris has coined the termed 
‘segmented staged decompression’ for this approach. Small 
Triton rebreathers (M3S, Toulon, France) were used inside 
the 27 mfw habitat which was air-filled, while the habitat 
atmosphere (nitrox 50 and 80 at 16 and 7 mfw respectively) 
was breathed in the shallower habitats which were equipped 
with carbon dioxide scrubbers. Multiple support dives were 
undertaken to facilitate habitat entry, egress, and transfers.   

The divers emerged after a 13-hour 35-minute run time 
with no adverse effects other than mild pulmonary oxygen 
toxicity symptoms.

Discussion

This dive represents the first use of hydrogen as a breathing 
gas in an ultra-deep rebreather bounce dive. With the 

Figure 2
The dive profile with depth (mfw) on the Y axis and time (hours) on the X axis; the red shaded area represents the decompression ceiling. 
Note the three long periods at constant depth which correspond to occupation of the habitats during segmented staged decompression
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obvious and important caveat that the dive represents a 
single datapoint, there are some related observations that 
can be made.

First, there was no problem with ignition, fire or explosion 
in any of the processes where hydrogen was handled in 
relation to this dive. These included: a preliminary unmanned 
pool test conducted by RJH, where the rebreather’s 
electronic oxygen addition solenoid valve was operated, 
and the counter lungs vigorously manipulated when the loop 
contained hydrogen and more than 4% oxygen; boosting 
hydrogen using a Haskell pump; and the dive itself where 
the loop oxygen fraction was kept ≤ 4% when hydrogen 
was present. There was (and remains) anxiety that despite 
the latter, there could be transient ‘micro-regions’ of much 
greater oxygen concentration where the solenoid injects 
oxygen to the loop.

Second, the use of hydrogen did appear to ameliorate 
HPNS symptoms in a susceptible diver more effectively 
than nitrogen. It is acknowledged that nitrogen was not 
completely eliminated from the loop by the hydrogen 
addition procedure, but the initially greater fraction of 
nitrogen did not prevent the onset of symptoms which 
subsided after hydrogen was introduced.

Third, there were no obvious adverse physiological effects 
such as thermal stress or decompression issues. There 
was also no narcotic effect noted at the PH

2
 respired 

(approximately 922 kPa or 9.1 atmospheres absolute). This 
is perhaps not surprising because hydrogen has previously 
been breathed at an inspired pressure of 1,287 kPa or 12.7 
atmospheres absolute during a 120 m hydrox hyperbaric 
chamber dive with only ‘very slight’ narcosis reported.10  It 
is acknowledged that on our dive the duration of exposure 
to hydrogen breathing was relatively short. We cannot 
exclude the possibility that problems related to factors like 
decompression stress and heat loss might become more 
challenging with longer exposures.
 
Conclusions

With the n = 1 caveat in mind, this dive suggests that the use 
of hydrogen is a potential means of progressing beyond 250 
mfw with effective HPNS amelioration while maintaining 
respired gas density within advised guidelines. However, the 
potential hazards of hydrogen are not disproved. Progress 
should be cautious and incremental.
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Letters to the Editor

Andrew Taber et al. provide valuable insight into the 
significant challenges of resuscitation in the confines of a 
diving bell.1,2  We understand that their main objective is to 
compare effectiveness of manual CPR vs NUI compact chest 
compression device (NCCD) in prolonged resuscitation in a 
diving bell.1  However, they miss a significant educational 
opportunity. In resuscitating a casualty from an out-of-
hospital cardiac arrest (OHCA), there is no mention of the 
potential importance of early defibrillation. The authors 
advise readers that it may take 40 minutes to recover a 
diving bell. They advocate the use of the NUI compact 
chest compression device (NCCD), without warning of its 
limitations in this scenario, specifically that it may slow 
the progression to possible early defibrillation in the diving 
bell. Out-of-hospital cardiac arrest is arguably the most time 
critical, medical emergency. Cardiac arrest can generally 
be divided into shockable and non-shockable rhythms. The 
potential for survival from an OHCA non-shockable rhythm 
would be nigh on impossible to influence in a diving bell. 
Survival is much more likely from a shockable rhythm.3  
Good quality, uninterrupted, chest compression is critical, 
however defibrillation is arguably the vital step to achieving 
the return to viable circulation in a shockable rhythm arrest. 
Defibrillation within 3–5 minutes of collapse can produce 
survival rates of up to 50%, potential survival decreases very 
rapidly, every one minute of delay to defibrillation reduces 
survival by ten percent.4

A review of 17,238 cases of OHCA indicated that 
the probability of one month survival with favourable 
neurological outcome falls to 0.4% with a CPR duration of 
30 minutes; and declines even further after this period.5  Time 
constraints exist, for example, the diver's hot water suit needs 
removing, with safety harness left in place; of the thirteen 
saturation diving vessels that regularly operate in the UK 
sector of the North Sea, nine (70%) only have a bell ‘bottom 
door’ (no side door) meaning CPR must be interrupted, the 
casualty moved off the ‘bottom door’, to allow opening 
and to access the ships diving complex. Diving vessels that 
operate in the UK and Norwegian sector have defibrillators, 
either as customised static units, machine outside the 
chamber, paddles inside, or customised defibrillators in large 
pressure housings. Static defibrillators introduce further time 
constraints being located several interconnecting chambers 
away from the bell's point of connection, requiring the 
unconscious casualty to be transferred, whilst still being 
resuscitated. With slow compression, defibrillators tolerate 
the pressure changes seen in saturation diving bells. The 
need for safe defibrillation in a wet environment has long 
been recognised.6  Medical device regulatory authorities 
have standards such as ISO 13485 which outlines specified 
requirements for medical devices including automated 

external defibrillator batteries. We contend that in an OHCA 
in a ‘diving bell’ without access to a defibrillator (within 10 
but certainly 30 minutes) the chances of meaningful survival 
are the same ‘with or without’ NCCD. Resuscitation of an 
OHCA for greater than 30 minutes with repeated cessation to 
chest compression is questionably futile. If industry accepts 
divers are a population at risk, providing a defibrillator and 
safe protocols for its use in a diving bell are the key issue.
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We are grateful to Laden et al. for their response1 to our 
article,2 which is part of a work package with the overall 
objective of developing an evidence-based approach to the 
management of cardiac arrest in a diving bell.2,3  Currently 
taught techniques lacked any supporting data.

The first article3 in this work package evaluates commonly 
taught approaches to manual chest compression delivery. 
The article referenced by Laden et al. presents the first 
efficacy evaluation of the only mechanical cardiopulmonary 
resuscitation (mCPR) device suitable for this environment.2 
Ongoing work addresses the overall approach to cardiac 
arrest management, including a discussion of the optimal 
order of events when resuscitating a casualty.

Laden et al. are concerned regarding the lack of discussion 
of defibrillation; defibrillation in a diving bell is neither the 
focus of this article nor currently possible. We therefore 
disagree with the suggestion that a “significant educational 
opportunity” has been missed.

It is irrefutable that defibrillation of shockable rhythms is a 
vital, well-evidenced component in the effective management 
of cardiac arrests, and increasing time to defibrillation is 
associated with progressively poor outcomes. Equally, a 
focus on defibrillation to the exclusion of effective chest 
compression delivery in this scenario is unlikely to be 
effective; every minute without CPR, even for casualties in a 
shockable rhythm, reduces survival by 7–10%.4  Even when a 
defibrillator is available, chest compressions between shocks 
are essential; the potential lack of a flat surface on which 
to deliver chest compressions may render CPR without an 
mCPR device impossible in a diving bell. We have presented 
an evaluation of alternative approaches,3 but suffice to say 
none are as effective as either conventional or mCPR, and 
head-to-chest CPR should no longer be taught or practiced.

Delays in the recognition and management of cardiac arrest 
in this setting are likely. Delays in the provision of effective 
CPR reduce the amplitude of ventricular fibrillation (VF);5 
good quality chest compressions are thought to increase the 
amplitude of VF and improve the likelihood of conversion to 
a perfusing rhythm6 and it has been hypothesised that CPR 
prior to defibrillation may improve outcomes.

There are currently no defibrillators that can be deployed 
in a diving bell. Whilst a device may survive a slow 
compression process, there are no data suggesting that 
repeated pressurisation/depressurisation cycles, coupled 
with the corrosive effects of the environment, are tenable for 
existing devices. There are also logistical challenges to safe 
defibrillation in a wet, confined, metal environment. This 
is not to say that overcoming the technical and logistical 
challenges to safe provision of defibrillation in a diving bell 
should not be a target for future work; we endorse this goal 
wholeheartedly, and it would undoubtedly be the ‘best next 
step’ in improving the effectiveness of resuscitation in this 
challenging environment.

Laden et al. have questioned whether the provision of chest 
compressions without defibrillation would be futile. We 
agree that the outcome of a cardiac arrest in a saturation 
diver is unfortunately likely to be poor irrespective of their 
management. Cardiac arrest in the general population has 
a poor prognosis, and the saturation diving setting presents 
myriad additional challenges. Nevertheless, an evidence-
based approach to management is vital, both to ensure the 
best possible chance of survival for the casualty in case of 
an immediately reversible pathology (e.g., hypoxia7) and to 
minimise the long-term psychological trauma (i.e., ‘second 
victim syndrome’) caused to fellow divers (and often friends) 
who are forced to act in the role of rescuer. The alternative, 
that they sit next to their deceased colleague throughout 
their ascent to the surface without providing aid of any sort, 
is unthinkable.
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SPUMS notices and news and all other society information can be found on:
https://spums.org.au/

Notices and news

President’s report
Neil Banham

It is now 2024 – I hope that all members and their family 
and friends had a safe and happy festive season and that 
you had some time off to recharge and re-enthuse, as I did.
The 52nd SPUMS Annual Scientific Meeting (ASM) being 
held at the Pearl Resort, Pacific Harbour, Fiji from Sunday 
12 – Friday 17 May 2024 is fast approaching.

Registrations numbers are good, with over 100 registered 
already.

Conference theme: A plunge into recreational diving and 
diver health

Convenors: David Smart and Neil Banham (Scientific 
Convenor)

The Pearl Resort offers direct access to Beqa Lagoon with 
its famous soft corals and shark feeding dives.

Our Keynote Speaker is Dr Peter Wilmshurst, a British 
cardiologist who some will remember from our highly 
successful 2014 Bali ASM, which culminated in the 
publication of the SPUMS and the United Kingdom Sports 
Diving Medical Committee (UKSDMC) Joint Position 
Statement (JPS) on persistent foramen ovale (PFO) and 
diving in 2015.1  Peter is a world authority on PFO and 
diving as well as immersion pulmonary oedema (IPO), 
reporting the first case.

Workshops will be held with a view to update the JPS on PFO 
and diving and to develop one for return for diving (or not) 
following an episode of IPO, as well as diver information 
for both.

Supporting speakers include Dr John Lippmann (Snorkelling 
deaths / Shark attacks on divers in Australia) and Professor 
Simon Mitchell (Update on Decompression Illness), both 
very knowledgeable and engaging speakers.

Registration, the preliminary programme and further 
information can be found at: https://spums.au/index.php/
asm-registration. Registrations close 12 April 2024.

A form for submitting an abstract is linked to the registration 
page. Only a few slots in the programme currently remain 
unfilled.

The venue for our 53rd ASM in 2025 has been decided. The 
options considered were Bali, Palau and the Philippines, with 
Bali being chosen as the preferred destination by a majority 
of SPUMS ExCom members. Those who wish to assist with 
convening our Bali ASM are welcome to contact me.

SPUMS has decided to withdraw its key guidance documents 
which related to COVID-19, with effect from 1 January 
2024.

These documents were:

• SPUMS return to diving post COVID Flowchart
• Diver post COVID review Questionnaire
• Diving medical fitness post COVID Certification

The reasons for withdrawing the documents were as follows: 
High vaccination rates in Australian and New Zealand 
populations coupled with lower virulence of current SARS-
CoV-2 variants has meant that the health threats from the 
disease are now reduced.

Mild COVID infections in vaccinated divers have not 
been demonstrated to affect fitness to dive. Divers have 
successfully returned to diving once asymptomatic.

Current expert medical opinion is that COVID-19 infections 
can be managed in the same way as for other seasonal virus 
infections. 

Further information can be found at: South Pacific 
Underwater Medicine Society – COVID-19 updates (spums.
au).

The ANZHMG Introductory Course in Diving and 
Hyperbaric Medicine will be next held 17–28 February 2025, 
again in Fremantle. The 2024 course was fully subscribed, 
and a great success. Many thanks to Ian Gawthrope the 
course coordinator and to all faculty who gave up precious 
time to contribute. Link here: https://spums.au/index.php/
education/spums-approved-courses-for-doctors.
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The recipient of the Unsworth-Bennett prize for the 
dux of the course was Simon Johnson from Townsville. 
Congratulations Simon! 

Scholarships for trainees to attend this course are available 
thanks to the generosity of the Australasian Diving Safety 
Foundation (ADSF). Please contact John Lippmann at 
johnl@adsf.org.au for more information. ADSF has also 
kindly sponsored SPUMS membership for a year for Course 
participants.

Dr Neil Banham
SPUMS President
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The

website is at
https://spums.org.au/

Members are encouraged to login and check it out! 
Keep your personal details up-to-date.

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

SPUMS Facebook page
Like us at:

SPUMS on Facebook

Royal Australian Navy Medical Officers’ 
Underwater Medicine Course

Date: 2025 dates to be confirmed
Venue: HMAS Penguin, Sydney

Cost: TBC

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

For information and application forms contact:

Rajeev 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
Fax: +61 (0)2-9647-511
Email: rajeev.karekar@defence.gov.au

HBOEvidence

HBO Evidence is seeking an interested person/group to 
continue the HBOEvidence site. The database of randomised 
controlled trials in diving and hyperbaric medicine: 
hboevidence wikis.unsw.edu.au. The HBOEvidence site 
is planned to be integrated into the SPUMS website in the 
near future.

Those interested in participating in this project can contact  
Neil Banham president@spums.org.au

The Australian and New Zealand Hyperbaric 
Medicine Group

Introductory course in diving and hyperbaric medicine

Dates: 2025 dates to be confirmed.
Venue: Hougoumont Hotel, Fremantle, Western Australia
Cost: TBC
Successful completion of this course will allow the doctor 
to perform Recreational and Occupational (as per AS/ NZS 
2299.1) fitness for diving medicals and be listed for such on 
the SPUMS Diving Doctors list (provided that they continue 
to be a financial SPUMS member).

The course content includes:

• History of diving medicine and hyperbaric oxygen 
treatment

• Physics and physiology of diving and compressed gases
• Presentation, diagnosis and management of diving 

injuries
• Assessment of fitness to dive
• Visit to RFDS base for flying and diving workshop
• Accepted indications for hyperbaric oxygen treatment
• Hyperbaric oxygen evidence based medicine
• Wound management and transcutaneous oximetry
• In water rescue and management of a seriously ill diver
• Visit to HMAS Stirling
• Practical workshops
• Marine Envenomation

Contact for information:

Sam Swale, Course Administrator
Phone:+61-(0)8-6152-5222
Fax:+61-(0)8-6152-4943
Email: fsh.hyperbaric@health.wa.gov.au
Accommodation information can be provided on request.
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SPUMS Diploma in Diving and Hyperbaric Medicine

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 for authors’ available on the SPUMS 
website https://spums.org.au/ or at https://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: https://www.nhmrc.gov.au/
about-us/publications/australian-code-responsible-conduct-
research-2018, 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 October 2020, the SPUMS 
Academic Board consists of:

Associate Professor David Cooper, Education Officer, Hobart 
Professor Simon Mitchell, Auckland

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

Keywords
Qualifications; Underwater medicine; Hyperbaric oxygen; 
Research; Medical society
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Notices and news
EUBS notices and news and all other society information can be found on:

http://www.eubs.org/

Annual Scientific 
Meeting 2024

A f t e r  t h e  g r e a t 
success of its 47th 
edi t ion in  Porto, 
the EUBS Annual 
Scientific Meeting 
will move to Brest 
(France) for our 48th meeting which will take place from 
16–20 September 2024.

At the heart of a beautiful harbour, Brest is a city oriented 
towards the ocean. As a military, commercial and yachting 
port with one of Europe’s largest centres dedicated to the sea, 
the city has a centuries old maritime tradition. The region 
has managed to preserve its beauty and authenticity, and its 
coastline, dotted with magnificent beaches and lighthouses, 
is well worth a visit.

EUBS will be delighted to welcome you to join us for this 
meeting and contribute to its success.

If you have been monitoring the conference website 
https://eubs2024.sciencesconf.org/ you will have noticed 
that the ‘Registration’ and ‘Abstract submissions’ are now 
open.

Important deadlines are: 21 May 2024 – end of Early Bird 
Registration period; and 16 April 2024 Abstract submission 
deadline.

We invite you to gear up, write your abstract, register – bring 
your partner and kids – and we’ll see you soon.

You will need to create a conference profile first, by 
registering on the conference website – note : this registration 
is separate from your EUBS membership.

If you would like to apply for a student Travel Grant for 
this meeting, please read the rules and procedure here: 
https://www.eubs.org/?page_id=914. There are several 
other grants and prizes to be awarded, see https://eubs2024.
sciencesconf.org/resource/page/id/21.

EUBS Executive Committee

Every year, a new Executive Committee member needs to 
be elected – elections start well before our next General 
Assembly (during the EUBS Annual Scientific Meeting).

This year we will need a new Member-at-Large, who will 
be nominated for a period of four years.

Candidates will be presented by the Executive Committee 
by 15 June 2024, and the voting will be, as usual, by internet 
ballot, starting on 30 June. If you want to contribute and 
help our Society, please come forward and send your short 
CV to our secretary (secretary@eubs.org) before June 1st.

If you do not wish to present yourself, you can nominate 
someone else? Suggestions are welcome at the same email 
address above.

EUBS Affiliate Society agreements

For 2024, the agreement has been renewed with the 
following Scientific Societies in order to promote 
membership and contact among the hyperbaric and diving 
scientists and practitioners in Europe and worldwide. 
Members of these Societies benefit from a 10% reduction 
of EUBS membership fees, when providing proof of their 
membership of the ‘other’ society. Simply indicate the 
Affiliate Society from the drop-down list on the EUBS 
Membership Application or Renewal Form.

Belgian Society for Diving and Hyperbaric Medicine 
(https://www.sbmhs-bvoog.be)
Scott Haldane Foundation, The Netherlands
(https://www.scotthaldane.org)
Italian Society for Diving and Hyperbaric Medicine
(https://www.simsi.it/)
German Society for Diving and Underwater Medicine 
(https://www.gtuem.org/)
French Society for Diving and Hyperbaric Medicine
(https://www.medsubhyp.fr/)
Swiss Society for Underwater and Hyperbaric Medicine
(https://suhms.org/)
Undersea and Hyperbaric Medical Society
(https://www.uhms.org/)
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The

website is at
http://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.

Spanish Society for Diving and Hyperbaric Medicine
(https://www.asemhs.org/)
Austrian Society for Underwater and Hyperbaric Medicine 
(https://www.oeguhm.at/) 
Dutch Society for Diving Medicine
(https://duikgeneeskunde.nl/)

New for 2024

Finnish Society for Diving and Hyperbaric Medicine
(https://sukelluslaakarit.yhdistysavain.fi/)

We are pleased to announce that in exchange, EUBS 
members benefit from a substantial reduction in their UHMS 
membership fee – simply mention your EUBS membership 
when enrolling/renewing your UHMS membership.

EUBS website

Please visit the EUBS Website for the latest news and 
updates. The ‘EUBS History’ section (under the Menu item 
‘The Society’) is still missing some information missing 
in the list of EUBS Meetings, Presidents and Members-at-
Large – please dig into your memories and help us complete 
this list!

By popular demand, EUBS members can also download the 
complete abstract book of previous EUBS meetings from 
the member's area.

While on the EUBS website, make sure you take a look 
at our Corporate Members’ webpage (http://www.eubs.
org/?page_id=91). On this page, logos and links are placed 
of those organisations, societies and companies that support 
EUBS financially. EUBS is grateful for their continuing 
support and would suggest that if you contact any of them, 
please do so by clicking on the link at that page, so they 
will know that you did so through the EUBS website.

OXYNET Database

Since 2004, a public online database of European Hyperbaric 
Chambers and Centers has been available, started and 
initially maintained by the OXYNET Working Group of the 
COST B14 project of the European Commission, later by 
the European Committee for Hyperbaric Medicine (ECHM). 
The original website http://www.oxynet.org/ will soon no 
longer be accessible, and the full OXYNET database of 
hyperbaric centers has been placed on the EUBS website 
(http://www.eubs.org/?page_id=1366). 

If you have updated information or any other request or 
remark, please send an email to oxynet@eubs.org. If you 
can collect information for more than one centre in your 
area or country, please do.
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Courses and meetings
Scott Haldane Foundation

As an institute dedicated 
to education in diving 
m e d i c i n e ,  t h e  S c o t t 
Haldane Foundation has 
organized more than 300 
courses all over the world, 
over the past 32 years. 
SHF is targeting on an 
international audience with 
courses world wide.

Below the schedule of 
upcoming SHF-courses in 
the first half of 2024.

The courses Medical Examiner of Divers (part 1 and 2) 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). 

2024
5–6 April Medical Examiner of Divers part 1
  (level 1) Zeist, The Netherlands
11–13 April Medical Examiner of Divers part 2
  (level 1) Amersfoort, The Netherlands
13 April  Refresher course Diving Medical
  in Practice, Amersfoort, The Netherlands
11–18 May Medical Examiner of Divers part 2
  (level 1) Bonaire, Dutch Caribbean
31 May–1 June In-depth course Brain under pressure
   (level 2d) Putten, The Netherlands

On request Internship HBOt (level 2d) NL/Belgium

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

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

P O Box 347, Dingley Village Victoria, 3172, Australia
Email: info@historicaldivingsociety.com.au
Website: https://www.historicaldivingsociety.com.au/

The third edition of the Baltic International Symposium on 
Diving and Hyperbaric Medicine (BIS_on_DHM) is taking 
place in Gdynia, Poland, from 6–8 June 2024.

This conference aims to exchange knowledge between 
scientists and clinical practitioners on diving and hyperbaric 
medicine. Lectures in this symposium will be by invitation 
only, and speakers are cherry-picked to verify that they bring 
the latest scientific and medical perspectives to the forum. 
There will also be vivid sessions on emergency scenarios 
to discuss the real cases in diving and hyperbaric practice.

Visit the Symposium website at:
http://www.BISDHM.events

Register now for an early registration discount.
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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, scientists, 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, Diving and Hyperbaric Medicine, 
Department of Anaesthesiology, University of Auckland, 
Private Bag 92019, Auckland 1142, New Zealand
Email: editor@dhmjournal.com
Phone: (mobile): +64 (0)27 4141 212
European Editor: euroeditor@dhmjournal.com
Editorial Manager: editorialassist@dhmjournal.com
Journal 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 username 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 the word count); 

include an informative Abstract of no more than 300 words 
(excluded from the total word count); structure of the article 
and abstract is at the author(s)’ discretion.

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

Educational articles, Commentaries and Consensus 
reports 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.

The journal occasionally runs ‘World as it is’ articles; a 
category into which articles of general interest, perhaps to 
divers rather than (or in addition to) physicians or scientists, 
may fall. This is particularly so if the article reports an 
investigation that is semi-scientific; that is, based on 
methodology that would not necessarily justify publication 
as an original study. Such articles should follow the length 
and reference count recommendations for an original article. 
The structure of such articles is flexible. The submission of 
an abstract is encouraged.

Formatting of manuscripts

All submissions must comply with the following 
requirements. Manuscripts not complying with these 
instructions will be suspended and returned to the author 
for correction before consideration. Guidance on structure 
for the different types of articles is given above.

Documents on DHM website https://www.dhmjournal.
com/index.php/author-instructions

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

Instructions for Authors 2023 (this document)
DHM Keywords 2021
DHM Mandatory Submission Form 2020
Trial design analysis and presentation
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
(updated February 2023)



DIVER EMERGENCY SERVICES PHONE NUMBERS

AUSTRALIA – DAN
1800-088200  (in Australia toll free)

+61-8-8212-9242 User pays
(outside Australia)

NEW ZEALAND – DAN Emergency Service
0800-4DES-111  (in New Zealand toll free)

+64-9-445-8454  (International)

ASIA, PACIFIC ISLANDS – DAN World
+618-8212-9242

EUROPE – DAN
+39-06-4211-8685  (24-hour hotline)

SOUTHERN AFRICA – DAN
+27-10-209-8112  (International call collect)

USA – DAN
+1-919-684-9111

JAPAN – DAN
+81-3-3812-4999  (Japan)

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 is proud to offer a series of 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 programme. These scholarships are mainly available to doctors who reside in Australia. 
However, 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 AUD5,000.00.

There are two categories of scholarships:

1. ADSF scholarships for any approved diving medical training program such as the annual ANZHMG course at Fiona 
Stanley Hospital in Perth, Western Australia.
2. The Carl Edmonds Memorial Diving Medicine Scholarship specifically for training at the Royal Australian Navy Medical 
Officers’ Underwater Medicine Course, HMAS Penguin, Sydney, Australia.

Interested persons should first enrol in the chosen course, then complete the relevant ADSF Scholarship application form 
available at: https://www.adsf.org.au/r/diving-medical-training-scholarships and send it by email to John Lippmann at 
johnl@adsf.org.au.


