Diving and Hyperbaric Medicine 55 No. 1 March 2025 27

The influence of wetsuit thickness (=2 7 mm) on lung volumes in scuba
divers
Graham Stevens', David R Smart?

I Department of Diving and Hyperbaric Medicine, Royal Hobart Hospital, Hobart, Tasmania, Australia
2 Private Consultant. Formerly: Clinical Professor, School of Medicine, University of Tusmania and Department of Diving
and Hyperbaric Medicine, Royal Hobart Hospital, Hobart, Tasmania, Australia

Corresponding author: Dr Graham Stevens, Department of Diving and Hyperbaric Medicine, Royal Hobart Hospital,
Hobart, Tasmania 7000, Australia

ORCiD: 0009-0001-3341-108X

graham.stevens @ths.tas.gov.au

Keywords
Diving research; Equipment; Fitness to dive; Lung; Respiratory; Spirometry

Abstract

(Stevens G, Smart DR. The influence of wetsuit thickness (= 7 mm) on lung volumes in scuba divers. Diving and Hyperbaric
Medicine. 2025 31 March;55(1):27-34. doi: 10.28920/dhm55.1.27-34. PMID: 40090023.)

Introduction: We hypothesised that although thicker (> 7 mm) wetsuits delay hypothermia and allow divers to dive in
cooler waters, they may hinder pulmonary function. The aim of this study was to investigate whether thicker wetsuits worn
by Tasmanian divers affected lung volumes, primarily the forced vital capacity (FVC) and forced expiratory volume, one
second (FEV ).

Methods: Sixty-two volunteer active divers were recruited from recreational dive clubs and Tasmania’s occupational
diving industry. After confirming fitness and that the divers were currently active, spirometry testing was performed with
and without the divers’ usual wet suits, in a controlled dry environment. Suits were of varying thickness, but all were
> 7 mm thickness.

Results: All divers had significantly reduced lung volumes when wearing > 7 mm wetsuits. Recreational divers had greater
decrements (-7% FVC and -5% FEV ), compared to occupational divers (-3% FVC, -3% FEV ). Males’ lung volumes declined
-4% FVC and -4 % FEV |, whereas females declined -7 % FVC and -6 % FEV . Female recreational divers experienced the
greatest negative impact from thicker wetsuits (up to 15% reduction in FVC), and this group also demonstrated an inverse
relationship between increasing wetsuit thickness and declining lung volumes.

Conclusions: Wearing thicker wet suits aids in thermal protection in temperate water diving but this study suggests it has
negative effects on lung volumes. The real-life impact of this negative effect may be minor in fit healthy divers but might
add additional risk to a less fit, recreational diving population with medical comorbidities.

Introduction

Wetsuits are worn by divers for thermal protection to prevent
conductive heat loss in the subaquatic environment and
may offer some protection from marine hazards. Wetsuit
thicknesses vary from 1 mm (or less) in tropical waters to
18 mm or more in colder waters. Previous authors
have shown a detrimental effect from wearing wetsuits
<7 mm thickness on performance in spirometry in fit ‘active’
recreational divers.! The effect of thicker wet suits which
are commonly used in colder waters on pulmonary function
are, as far as we are aware, unknown.

In Tasmania, Australia, sea temperatures range from
9-21°C which are consistent with temperate waters in other
countries.> To prevent hypothermia, divers routinely use
>7 mm (single layer and sometimes double layer) neoprene
wetsuits, or dry suits. Double layer suits are in ‘long john’
(singlet shoulders) and vest with attached hood configuration.
The double layer covers the thorax, abdomen and pelvis.

Tasmania has more than 20,000 divers among its 570,000+
population, including recreational and occupational divers;
the latter supporting multi-million-dollar seafood and
aquaculture industries and offshore work.** Occupational
divers are subject to legislated higher level commercial
training, annual full diver health assessments, and they
dive all year round. Recreational divers have minimal
governance over health assessments, and tend to dive less
frequently. Based on the above it is possible that there may
be a difference between these diver groups.

A previous study demonstrated reduced forced vital capacity
(FVC) of 4% and forced expiratory volume in one second
(FEV ) of 3.6% in recreational divers wearing thinner
wetsuits of mean thickness 3.8 mm.! We hypothesised that
wetsuits of > 7 mm thickness may have a greater negative
impact on pulmonary function.

The aim of this study was to investigate whether (> 7 mm
thickness) wetsuits worn by Tasmanian divers affected lung
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volumes, primarily FVC and FEV . Secondary aims were
to assess the influence of body mass index (BMI), age, sex,
and recreational versus occupational status of the diver on
lung volumes.

Methods

Ethics approval was obtained from the University of
Tasmania Human Research Ethics Committee (UTasHREC)
and the Department of Health Research Governance Office
[Protocol number HO024772]. The study was registered with
the Australian and New Zealand Clinical Trials Registry
(382180).

Volunteer active divers were recruited through poster
advertising in dive shops, dive clubs and via occupational
dive companies over 15 months from 21 July 2021 to
24 October 2022. Study exclusions were pregnancy, age
< 18 years, respiratory illness less than four weeks prior
(including COVID-19), symptomatic cardiovascular disease,
dived < 24 hours before evaluation and non-active divers.
Active divers were defined as performing > 20 dives per year
and as having dived in the last three months. Included divers
then provided written consent to enter the study.

Divers were asked to complete a basic health triage
questionnaire (developed by the authors) to confirm absence
of major illnesses affecting fitness to dive. The results of the
triage questionnaire were not further analysed in this study.
Data for each diver were recorded: age, height, weight, sex,
body mass index (BMI), number of total dives, recreational
qualification or occupational qualification, and wetsuit(s)
thickness.

Divers were assessed in the Department of Diving and
Hyperbaric Medicine, Royal Hobart Hospital, at the
workplace or dive site (pre-dive) by the first author. Subjects
were assessed when wearing their personal wetsuit(s) in
a dry room or office. It was assumed that these personal
wetsuits were appropriate ‘fit” as they had been self-selected,
and were in regular use by the subjects. Ages of the wetsuits
were variable and not documented. Wetsuit thicknesses were
recorded as stated from the manufacturer label. Wetsuits of
14 mm and 18 mm thickness had double layers covering the
thorax and abdomen.

Randomisation of the order in which measurements were
performed (in wetsuit, out of wetsuit, thicker suit first) was
generated using R Software (R Foundation for Statistical
Computing, Vienna, Austria) just prior to the measurement to
mitigate potential learning effect.’ The assessor was blinded
to the order of testing until just before the test was performed.

The Spirolab III spirometer (MIR, Rome, Italy) was
calibrated in accordance with manufacturer’s instructions.
Each test was performed with subjects exhaling through
disposable mouth pieces. The device was cleaned fully
between subjects. Individual subjects completed all their

tests in a single session, same day. It was initially planned
to complete testing when subjects achieved three category
A quality spirometry samples (assessed by the spirometer
internal algorithm) for each of the wetsuit states: wetsuit
off, wetsuit on (thick or thin).%” Subjects were expected
to require multiple blows to achieve each quality A sample
(minimum two). For a full data set, subjects with one wetsuit
therefore provided six samples to the database (three with
wetsuit on and three with wetsuit off, and subjects with two
wetsuits (thick and thin) had nine samples taken. Allowances
were made if some subjects became exhausted and were
unable to achieve the three samples of acceptable quality.
On that basis two samples were regarded as acceptable.®’
Spirometry included: forced vital capacity (FVC), and forced
expiratory volume in one second (FEV ), as measures of
pulmonary function, previously used by other authors.! Full
spirometry curves were available for each subject but not
analysed in this study.

Spirometry and anonymised biometric data (sex, height,
weight, BMI, number of dives, and diver status —recreational
or occupational) were extracted from our data pool and
analysed. Wetsuit thickness was stratified into three groups
for analysis: £ 7 mm, > 7 mm but < 14 mm, and > 14 mm.

STATISTICS

R software was used, and a sample size of 60 was calculated
to provide 95% power to detect a 4% difference in FEV | or
FVC at alpha = 0.05 by two-tailed #-test.> The estimates
were based on previously published data.'” To investigate
the relationship between lung volumes (FEV and FVC) and
suit thickness, a linear mixed-effect model was also used in
R Software.’ This modelling approach enabled us to account
for population level variance using the random effects of
the subject, and fixed effects of suit-type. Additional fixed
effects that may influence pulmonary function (age, sex,
height, weight, BMI, and recreational vs occupational
diving background) were also included which enabled us to
control for these variables and avoid confounding changes
in pulmonary function due to suit effect interaction with
other variables. Additional data analysis was performed
using GraphPad Prism software (version 7.03) for tests
of normality (Shapiro-Wilk and Kolmogorov-Smirnov),
paired Student 7-testing, contingency tables with Chi-square
analysis and Bland-Altman analysis.®

Results

Recruitment was hampered by the COVID-19 pandemic. We
recruited 62 divers over a 15-month period, who provided
364 samples. Five divers provided samples in two different
wetsuit thicknesses, which meant the ideal sample number
should have been 387. Thirteen divers were unable to provide
more than two category A samples for their assigned wetsuit
states (off, on + thin or thick). Because they produced a
minimum of two samples of sufficient quality, their data
was accepted for analysis. In our 62 subjects, 47% were
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female, and 47% were occupational divers (of these 14/29
were female, Table 1). Samples were collected mostly
(71%) in the morning and less (29%) in the afternoon.
The distribution of sampling times was not significantly
different for occupational versus recreational samples
(P = 0.58 Fishers exact test).

Height, weight, BMI, FEV and FVC data were normally
distributed, but age was not (skewed by a small group of
older recreational divers). Mean BMI of all the divers was
25.1 kg:m™. The BMI in occupational and recreational
divers was not different (P = 0.67, two-tailed unpaired
t-test). Wetsuit thicknesses were 7 mm, 8 mm, 10 mm,
14 mm (double thickness 7 mm) and 18 mm (double
thickness 9 mm). Median thickness for recreational divers
was 10 mm (range 7-14 mm), and for occupational divers
14 mm (range 7-18 mm).

Occupational divers had significantly greater diving
experience compared to recreational divers, Figure 1
(P =0.0002, % test). Table 1 summarises baseline data for
the divers. Occupational and female divers were generally
younger in this study. Lung volumes were not significantly
different when occupational and recreational divers were
compared in this sample (P = 0.29 for FEV , and P = 0.10
for FVC (two tailed ¢-test)).

Table 1 also documents the reductions in FVC and FEV,
when wearing any thickness of wetsuits. All diver groups
demonstrated statistically significant reductions in lung
volumes when wearing a wetsuit versus no wetsuit (#-test).
Recreational divers had greater reductions when wearing a
wetsuit compared to occupational divers; recreational divers
exhibited a reduction of FVC and FEV | by 0.350 L (7%)
and 0.210 L (5%) respectively in comparison to occupational
divers where the reduction was 0.140 L (3%) and
0.100 L (3%) respectively. Occupational divers generally
were wearing thicker wetsuits (Table 1). For males, FVC

Figure 1
Distribution of diving experience for the study cohort

25 Recreational

B Occupational

20

15

10

m N
o | — —

<50 50-100  101-500 > 500

Number of divers

Number of lifetime dives

Table 1
Diver age, height, body mass index (BMI) and mean reductions of forced vital capacity (FVC) and forced expiratory volume in one second (FEV)) by diver sub-group; F — female;

IQR - interquartile range; M — male; SD — standard deviation
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Table 2

Reductions in forced vital capacity (FVC) in the female recreational diver group

. FVC % baseline in % negative
Suit
(L) sample change
Baseline 4.26 100 0.0
7 mm 3.99 93.7 -6.3%
7-14 mm 3.78 88.7 -11.3%
> 14 mm 3.63 85.2 -14.8%

The effect of suit type,

Table 3

sex, age, and height on forced vital capacity (FVC) and forced expiratory volume in one second (FEV ); the
parameter estimates for the optimum (AICc selected) model;*!! M — male

FEV, FVC

Variable Estimate | 95% confidence P-value Estimate | 95% confidence P-value
change (L) interval change (L) interval
Intercept (includes baseline, ) -4.26, 3.86 0.923 -0.75 596,445 | 0.776
i.€., no suit)
Suit (7 mm) -0.16 -0.24, -0.07 < 0.001 -0.27 -0.40, -0.13 <0.001
Suit (7 tol4 mm) -0.19 -0.29, -0.09 < 0.001 -0.48 -0.64, -0.32 <0.001
Suit (> 14 mm) -0.17 -0.23,-0.11 < 0.001 -0.19 -0.29, -0.10 <0.001
Sex (M) 1.42 0.99, 1.86 < 0.001 1.86 1.30,2.42 <0.001
Age centre -0.03 -0.04, -0.02 <0.001 -0.02 -0.03, -0.01 0.002
Height cm 0.02 -0.00, 0.04 0.104 0.03 -0.00, 0.06 0.075
Random Effects

o? 0.05 0.12
Number of subjects 62 62
Observations 364 364
Conditional RZ-Marginal rR2 0.95-0.72 =0.23 (23%) 0.93-0.71=0.22 (22%)

and FEV | declined 0.240 L and 0.160 L respectively, a 4%
fall for both compared to females where FVC and FEV,
declined 0.258 L (7%) and 0.165 L (6%) respectively.
Although absolute values of the male vs female FVC and
FEV, reductions were similar, the percentage decrements
for females were greater due to smaller baseline spirometry
values in females.

Female recreational divers had reductions of almost 15% in
FVC when wearing 14 mm or greater wet suits (Table 2).
Even the 7-14 mm and 7 mm suits recorded FVC decrements
of 11.3% and 6.3% respectively. For this subset of our study
population, there was an inverse relationship of declining
lung volumes as wetsuit thickness increased. The same
relationship was not confirmed for other diver subsets.

Controlling for other variables such as age, sex and height,
the reduction in lung volumes was statistically significant
in our multivariate analysis (Table 3). This model, using
Akaike Information Criterion, (AIC)c, provided the best fit
for analysis of small groups with multiple variables.*!! Our
multivariate analyses confirmed that there was a negative

effect on FEV, and FVC when wearing a wetsuit, which
was statistically significant in all categories. The reduction in
FEV  was greatestin the 7 to 14 mm suit thickness category,
followed by > 14 mm thickness, then 7 mm thickness suits.
The reduction in FVC was greatest for 7-14 mm wetsuits,
followed by < 7 mm wetsuits and > 14 mm thickness. These
results are depicted graphically in Figures 2 and 3.

Effect of suit type, age, sex, and height were treated as
explanatory variables. Males had significantly greater FEV,
and FVC in this population; a known characteristic which
is incorporated into normative spirometry databases. Lung
volumes reduced significantly with age in all categories. The
effect of BMI was not significant as an independent variable
(Bland-Altman analysis, P = 0.48 for FEV, and P = 0.80
for FVC). There was a trend towards statistical significance
for height as an independent variable (also a known effect
incorporated into spirometry databases).

Table 3 also provides marginal R2/conditional R2 values for
the two parameters. The marginal is the variation explained
by the model fixed effects and conditional is the variation
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Figure 2
Wetsuit thickness effect on mean forced expiratory volume in one
second (FEV ); error bars represent mean (2 standard deviations)
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Figure 3
Wetsuit thickness effect on mean forced vital capacity (FVC); error
bars represent mean (2 standard deviations)
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explained by the random and fixed effects. The random
effect demonstrates some variance not specified in the
fixed effects. Hence, some of the study population variance
is not fully explained by our chosen parameters. Using a
mixed effects model such as this, we had the opportunity
to account for greater population-level variability than a
standard (fixed effect) linear model. In the fitted models,
the inclusion of a random effect of subject increased the
variability explained (calculated as conditional R2 minus
marginal R2) in pulmonary function 23% for FEV and by
22% for FVC.

Discussion

We have shown that there is a statistically significant
reduction in lung volumes when wearing temperate water
wetsuits, but what does this mean in the real world? Is
a 3-7% reduction in FVC and FEV | physiologically
significant? In a young, fit, healthy population of divers,
free of medical illness, we would assert that this order of
decrement is unlikely to have any functionally consequential
effect on physical performance when diving.

An earlier study demonstrated that tropical thickness
wetsuits have negative effects on measurable lung volumes
in recreational divers.! Mean suit thickness in our study
was greater than in that study, and our recreational diver
subset had a greater decrement in lung volumes.! The
largest reductions of FVC (greater than 10%) were observed
in female recreational divers. This may be explained by a
smaller baseline FVC and FEV | in females, but could also
be related to suit fit, baseline physical fitness or technique.
This effect was independent of other variables and our
data model correlated well with previous work on age and
pulmonary function.'?

It is possible that specific diver groups could experience
greater negative physiological effects from wetsuits.
Increasing age can be associated with reduced fitness,
obesity, hypertension, underlying cardiac and pulmonary
disease. These effects may also evolve without detection in
recreational divers who dive less frequently. Recreational
divers in Australia have no mandated health monitoring.
This contrasts with occupational divers who have mandatory
annual medical assessments. Medical assessments are likely
to detect and correct heath issues, weight gain, and ensure
fitness in this group. In addition, regular diving may improve
occupational divers’ adaptation and strength when wearing
wetsuits. !

An individual sustaining weight gain but still using the
same wetsuit, could experience greater impaired pulmonary
function. All divers in our study were in relatively good
physical condition and BMI did not influence lung volumes.
Our population mean BMI was 25.1, within a narrow range.
Our data showed insufficient variance in BMI to accurately
detect relevant effects.

Median wetsuit thicknesses were greater in the occupational
group. This was counter-intuitive, particularly when
considering the lesser impact on FVC (Figure 3).
Occupational divers may have had better quality wetsuits,
fitted specifically for work, more flexible due to frequent
use, and their wetsuits may be replaced more frequently.
In addition, occupational divers are likely to be fitter and
stronger, physically compensating for the restrictive effect
of the wetsuit. Wetsuits which are used less frequently may
become stiff and less flexible.

An additional important factor could be the wetsuit ‘fit’
which was not independently assessed in this study. Subjects
were all assessed when wearing their personal wetsuits.
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We made an assumption that these wetsuits would be close
to ideal ‘fit’ because they were personally selected, and in
regular use. This may be valid for occupational divers who
dive regularly at work. Recreational divers in this study
dived less frequently and had less overall experience than
occupational divers. It is possible that recreational divers
may not update their wetsuit if the wetsuit ages or stiffens,
they gain weight or fail to maintain their fitness levels.

Other than for the female recreational diver subset, our data
did not confirm a stepwise inverse relationship between
wetsuit thickness and lung volumes. For the total cohort,
there were smaller reductions in FEV and FVC when
wearing wetsuits > 14 mm thickness. There are some
possible explanations for this:

€)) A significantly greater proportion of occupational
divers were wearing wetsuits > 14 mm thickness.Occupational
divers as a group had lesser reductions in pulmonary function
when wearing wetsuits. For the reasons outlined above, the
impact of wetsuit thickness may have been attenuated for that
sub-group, reducing the effect in the whole cohort wearing
wetsuits > 14mm thickness. We had insufficient numbers to
investigate subgroups in this study.

2) The lack of consistency across subgroups makes
it possible that the chosen statistical model has over-fitted
the data from an insufficient number of samples. In a mixed
effects linear model with six explanatory variables, and
22-23% random effects, this is possible.

3) The effect was greater on FVC than FEV . This
could have resulted from individuals not inhaling fully
when wearing the thickest wetsuit, due to impaired thoracic
expansion. Hence the inspired vital capacity was reduced,
and subsequently the measured expired FVC and FEV .

Males and females were almost equally distributed in both
occupational divers, and recreational divers; hence this
cannot be implicated in causation. The sampling times for
occupational and recreational divers were not significantly
different (morning vs afternoon), so diurnal variation was
not a factor. A practice effect for individual samples was
minimised by randomisation.

Tasmania has recently observed a trend towards older
divers being more represented in fatalities.> Other authors
have confirmed this trend."* The reduction in pulmonary
function from wetsuits could further add to negative
impacts from cold water immersion, in particular the effects
on cardiovascular physiology, hypothermia and wetsuit
compression, buoyancy and any concomitant health issues.
Adding more neoprene helps delay hypothermia but at a
cost of decreased pulmonary function.

Despite a publicly available medical risk assessment,
Australian recreational divers have no mandatory regular
medical fitness assessments.'> This means recreational
divers may accumulate health and fitness risks over many
years without medical assessment or intervention, and the

sum of these risks could compromise their safety in the
water. For these individuals, detailed medical assessments
and achievement of high levels of fitness might help offset
the pulmonary effects of wearing wetsuits. It could be
argued that diving fitness and medical requirements should
be greater for cold water versus warm water diving. We are
concerned that negative effects on pulmonary function from
thicker wet suits may impact more on older divers and could
represent a further safety factor to consider when appraising
fitness to dive.

Some of the risk factors in a recent review of immersion
pulmonary oedema (IPO) were female sex, fifty years or
older, diving in cold water and tight-fitting wet suits.'® In
addition, female open water swimmers had a much greater
risk of developing IPO, but wetsuit tightness was not
considered in the study or 30-month follow-up.™8 Our
study has identified a relationship between reduced lung
volumes and thicker suits in recreational female divers and
this could be explored further in future studies of TPO.

LIMITATIONS

This study was limited by several factors. A key confounder
was that we had no method of assessing wet suit ‘fit’.
We relied on the divers to provide their own suits, and
confirmation that they were active, regular divers. Wetsuit
thickness was not directly measured but assumed as per
manufacturer stated labelling. In addition, we did not record
the age of subjects’ wetsuits. It is possible that older wetsuits
were thinner, due to wear and tear, or stiffer due to neoprene
collapse. Both factors could have influenced lung volumes.
Our inclusion of occupational divers who used thicker
wetsuits may also have biased against detecting greater
effects on lung volumes in subjects with the thickest wetsuits.

Testing of non-immersed divers may not accurately
reflect performance during immersion. Further limitations
include the fact that good technique is required to produce
accurate spirometry. Thirteen divers (21%) were unable to
provide three samples for each of their wetsuit states due
to exhaustion. All produced a minimum of two ‘A’ quality
samples for each state, and hence their available data were
used. This should not have biased the results, and should
have been compensated for by randomisation. We did not
standardise the time of day that data was collected, which
could have influenced measurements because there is a
significant diurnal variation in spirometry.'” There was
however, no significant difference between sampling times
for recreational and occupational divers.

It is likely that we had insufficient numbers to adequately
assess the relationship of incremental wet suit thickness and
lung volumes, at a more detailed level. Our initial power
study was undertaken for a single variable, wetsuit versus
no wetsuit, and we achieved the required sample size.
We stratified the wetsuits into three thickness groups for
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statistical analysis. It does appear that occupational divers
and recreational divers are different with respect to impact
on lung volumes from wetsuits when diving, and future
studies will need to separate these groups, with sufficient
numbers for statistical analysis. To assess this greater detail
using a multivariate model, may require upwards of 1,000
subjects for adequate power (depending on numbers of
variables analysed).

This study has raised areas for future research. Measuring
body metrics, respiratory parameters and effect on
inspiratory pressures at rest and when exercising might
be useful in assessing wetsuit ‘fit’. Precise tailoring of
wetsuits may further improve ‘fit’. A recent paper reported
that 3-dimensional printed polycarbonate panels in a 3 mm
neoprene wetsuit had superior thermal properties when
compared to a 7 mm neoprene wet suit. Future technologies
may reduce wetsuit effect on pulmonary function.?

This study could be repeated with divers immersed in a pool;
potential volunteers wearing (or not wearing) a wetsuit, or
when wearing dry suits. All options are technically possible
using smart device-based spirometers.?’ Wearing full scuba
gear including buoyancy control device and weights would
also add realistic variables to the data collection.

Conclusions

Scuba diving has many variables that create an additional
risk for the diver. This study has found that thicker temperate
water wetsuits produce significant reductions in pulmonary
function and that the effect was greater on recreational
divers than occupational divers. Female divers had a greater
percentage decrement from their wetsuits, than male divers.
The real-life impact of this negative effect may be minor
in fit healthy divers but might add additional risk to a less
healthy, unfit, older recreational diving population in deeper
and colder waters. For dive physicians, an awareness of the
increased demands of cold-water diving, and the negative
effect on lung volumes when wearing a thicker wetsuit is
relevant to providing advice about the health risks to each
individual diver.
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