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ABSTRACT

Background: Divers thermal status influences susceptibility to decompression sickness hence the need for
proper insulation during immersion in cold water. However, there is a lack of data on thermal protection
provided by diving suits, hence this study.

Materials and methods: Two different groups of divers wearing either a wetsuit (n = 15) or a dry suit (n = 15)
volunteered for this study. Anthropometric data and dive experience were recorded; skin temperatures at
the cervical-supraclavicular (C-SC) area and hands were assessed through high-resolution thermal infrared
imaging taken pre- and post-dive.

Results: As far as anthropometrics, pre-dive C-SC temperatures (37.0 £ 0.4 °C), depth (dry: 43 + 4.6 mfw
vs. wet: 40.3 + 4.0 mfw) and water temperature exposure (4.3 °C) are concerned, both groups were compa-
rable. Total dive time was slightly longer for dry suit divers (39.6 + 4.0 min vs. 36.5 + 4.1 min, p = 0.049).
Post-dive, C-SC temperature was increased in dry suit divers by 0.6 + 0.6 °C, and significantly decreased
in wetsuit divers by 0.8 + 0.6 °C. The difference between groups was highly significant (dry: 37.5 + 0.7 °C
vs. wet: 36.2 + 0.7 °C, p = 0.004). Hand'’s temperature decreased significantly in both groups (dry: 30.3 +
+ 1.2°Cvs. wet: 29.8 + 0.8°C, p = 0.33). Difference between groups was not significant.

Conclusions: Medium-duration immersion in cold water (< 5°C), of healthy and fully protected subjects
was well tolerated. It was demonstrated that proper insulation based on a three-layer strategy allows
maintaining or even slightly improve thermal balance. However, from an operational point of view, skin
extremities are not preserved.

(Int Marit Health 2021; 72, 3: 217-222)
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INTRODUCTION
Although several studies have reported that moderate
exercise in cold-water immersion, such as diving, facilitates
overall heat loss because of increased convective heat
transfer from the body core to the skin [1, 2], only scarce

data are available on the thermoregulatory responses of
fully protected divers exposed to cold water for prolonged
time. Since divers need to avoid the “dive warm-decompress
cool” pattern know to increase decompression risk substan-
tially [3, 4], this might be considered a dangerous gap of
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knowledge. Indeed, recent studies point out an increased
incidence of decompression sickness among finnish tech-
nical divers, whom performed long dives in areas where
water temperature at the diving depths is 4-10°C even in
summer [5], or among Belgian recreational divers when the
winter is particularly cold [6].

Because most of the waters of the world are below ther-
moneutral (34-35°C) temperature for humans, and there
is no evidence that humans can increase their metabolism
high enough to maintain core temperature during whole-
body exposure to cold [7], insulating the body remains the
only way to allow divers a prolonged stay under water [8].
Although the merit of different immersion suits has been
extensively discussed as lifesaving appliance certified by
the International Maritime Organization to ensure survival
in case of accidental immersion in harsh conditions [9], less
is known about diving suits especially among recreational
divers. According to an older study, “dry” garments provide
better protection than “wet” garments independently of sea
conditions, and tight-fitting “wet” garments provided better
protection than loose-fitting “wet” garments in rough but
not in calm seas [10].

Therefore, evaluating the performance of clothing under
severe cold environments becomes of great significance for
divers’ safety, hence this field study designed to compare
body temperature variation related to insulation provided
by wet or dry suits among recreational divers during an
immersion of medium duration in very cold water (< 5°C).

MATERIALS AND METHODS

This study was conducted in accordance with the Decla-
ration of Helsinki [11] and was part of a series of non-inva-
sive studies carried out by the Environmental, Occupational,
Ageing (Integrative) Physiology Laboratory, Haute Ecole Brux-
elles-Brabant (HE2B), Brussels, Belgium, approved by the
Academic Bioethical Committee of Brussels (B200-2011-5).

After being informed of the purpose and experimental
procedures of the study, 30 male divers, with a minimal
certification according to European norm EN 14153-2 or
ISO 24801-2 and at least 60 dives in the last 2 years,
volunteered and signed a written informed consent. They
were recruited from a large diver population after visual
pre-selection of possible candidates, to obtain a low varia-
tion in participants’ anthropometric profiles to reduce the
potential between-participant effect of body mass on pre-
to post-dive core temperature measurements. To ensure
that only reasonably healthy participants were included in
the study, all participants completed a medical disclaimer.
Age, height, weight, and dive experience were recorded for
further analysis. Body fat percentage (%BF) was derived
from body circumference measurements (made in cm)
according to the US Navy formula [%BF = 86.010 x log10

(abdomen - neck) - 70.041 x log10 (height) + 30.30]
[12, 13]. Once recruited, participants were instructed to
avoid alcohol beverages, smoking, caffeine, large meals,
ointments, cosmetics and showering for 4 hours before
the assessment.

All measurements were performed on the same day
and dive site (Rochefontaine, Belgium), a flooded quarry
with a maximal depth of 52 metres of fresh water (mfw).
Participants dived according to their own dive plan (depth-
-time-breathing mixture). No specific dive profiles were im-
posed but subjects were asked to swim slowly to maintain
a low to moderate-intensity energy expenditure related
to exercise.

Based on their own dive gear that needed to be in good
condition (no wear and tear) to participate, divers were al-
located to two different groups: wetsuit divers (wet, n = 15:
full 7 mm thick neoprene wetsuit combined with a 1.5 mm
rash-guard undergarment [long sleeve top and pants], hood,
boots, and gloves) or dry suit divers (dry, n = 15: trilaminate
membrane dry suit with high density polyester/merino wool
fleece undergarment [top, legging, and socks] with neoprene
5 mm gloves and hood). Depth, total dive time and water
temperature as measured by diver's own personal dive
computer were noted to compare the level of cold exposure
of the two groups.

During the examinations, the conditions were kept as
identical as possible using the same procedure and type of
equipment [14]. Since the condition of the skin surface may
influence emissivity values, the skin was dried before the
post-dive measurement. To limit the influence of friction on
blood flow participants from both groups had to wipe oneself
with a towel. More, to ensure a thermal sensitivity lower than
0.3°C, all measurements were done in a heated dressing
room, with a room temperature above 21°C. There were
no fans, and the doors were kept closed during the testing,
so air movement was minimal. Then subjects were placed
in a seated relaxed and upright position with arms adduct-
ed, away from all heat-emitting objects. Pictures of hands
and left cervical-supraclavicular region (C-SC) at a 1.0-m
distance from an IR thermal imaging camera (FLIR i7, FLIR
System Inc, Wilsonville, Oregon, USA, thermal resolution at
19,600 (140 x 140) pixels, thermal sensitivity <0.1°C and
noise equivalent temperature difference (NETD) < 100 mK)
were obtained from two different time points: one before
and one within 10 minutes after completing their dive.

The stored thermographic images were analysed with
R&D FLIR Software (FLIR System Inc, Wilsonville, Oregon,
USA). During data collection, the software was set to control
the temperature scale limits between 28°Cto 40°C, which
is the typical range of human body temperature. To allow
the accurate, efficient, and reproducible identification of the
region of interest (ROIs) they were defined as follow [15]:
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Figure 1. Comparison between pre- and post-dive cervical-supraclavicular (C-SC) and hands temperature after 40 minutes of exposure
in cold water (4°C). Divers were equipped either with a dry suit (dry) or a wetsuit (wet); NS — not significant; *p < 0.05; **p < 0.01;

**%p <0.001

for the C-SC regjon, the limits of the ROl was calculated
as straight lines from the neck and shoulder apices to the
central apex and the shoulder contour between the shoulder
and neck apices. The hottest 10% of points within this ROI
were identified, and the supraclavicular temperature was
defined as the median temperature of the hotspot [16,
17]; hand’s temperature was assessed along a straight line
positioned at the mid-dorsal side of all fingers. Each line ex-
tended from the middle of the nailbed and to the interdigital
web which gave 10 average individual fingertemperatures
that were used to calculate a mean temperature of the
hands for each time point [18].

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad
Prism (version 5.0f for Mac, GraphPad Software, San Di-
ego, California, USA). Since all data passed the Kolmogor-
ov-Smirnov test, allowing us to assume a Gaussian distri-
bution, comparison between variables was carried out with
paired t-test for intragroup comparison and unpaired t-test
for intergroup comparison. Data are expressed as mean *
* standard deviation (SD). Differences between groups were
considered significant at p < 0.05.

RESULTS

As far as age, weight, height, body mass index (BMI),
%BF or numbers of logged dives are concerned; both groups
were comparable (Table 1). Cold exposure was also similar
in terms of water temperature (4.3 + 0.6 vs. 4.3 + 0.7,
unpaired t-test, p = 0.835, df = 28) and maximal depth
(43 + 4.6 vs. 40.3 £+ 4.0 mfw, unpaired t-test, p = 0.101,
df = 28). Nonetheless, there is a 3-minute difference in
total dive time between groups (39.6 + 4.0 min vs. 36.5 +
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Table 1. Group’s anthropometrics and dive experience
(unpaired t-test, df = 28)

Dry Wet
Age [years] 36+6 36+6
Weight [kg] 77+8 80 + 10
Height [cm] 180+ 6 181+ 6
Body mass index 23.7+1.7 244 +18
Body fat percentage 18.9+6.3 18.7+5.5
Logged dives (n) 595 + 218 458 + 247

+ 4.1 min, unpaired t test, p = 0.049, df = 28). Although
just statistically significant, this might be not practically
relevant.

Pre-dive C-SC (dry: 36.9 £ 0.5°Cvs. wet: 37.0 + 0.4°C,
unpaired t-test, p = 0.39, df = 28) and hands (dry: 34.7 +
+ 0.6°C vs. wet: 34.7 £ 0.4°C, unpaired t-test, p = 0.97,
df = 28) temperatures were similar in both groups.

Variations of C-SC and hands temperatures are de-
scribed in Figure 1. Immediately after the dive, C-SC tem-
perature was increased by 0.6 + 0.6°C in dry suit divers
to 37.5 + 0.7°C (paired t-test, p = 0.004, df = 14), while
it was significantly decreased by 0.8 + 0.6°C in wetsuit
divers to 36.2 + 0.7 °C (paired t-test, p = 0.0001, df = 14).
The post-dive C-SC temperature difference between groups
was highly significant (unpaired t-test, p < 0.0001, df = 28).
Hand’s temperature decreased significantly in both groups
(dry: 30.3 + 1.2°C vs. wet: 29.8 + 0.8°C, paired t-test,
p <0.0001, df = 14). Although dry suit divers had slightly
warmer hands than wetsuit divers after the dive, this differ-
ence between groups was not significant (unpaired t-test,
p =0.33, df = 28).
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DISCUSSION

Evaluating the performance of clothing under severe
thermal environments is not an easy task, especially in
the field. The most appropriate method for measuring the
thermal resistance provided by the garments would be to
measure heat flow across the insulation layer. That would
typically be done in a laboratory setup using the most com-
mon tool: the thermal manikin [19]. However, it is associated
with significant discrepancies between results obtained
from the three proposed calculation methods either global,
serial, or parallel, which are particularly relevant with cold
exposure [20], as in the present setting. Also, from the
physiological standpoint, this might not be adapted as we
are more interested on how the divers’ thermal balance to
cold exposure is modified by any type of diving suit rather
than the insulation per se. Then, alternative means would be
to measure skin temperature at multiple sites as body heat
loss will depend on the heat flux from different sites [21]. Al-
though, these thermocouples are non-invasive, the required
hard-wired connections to a datalogger limit its validity and
fail to address questions and applications outside the lab-
oratory. Therefore, we opted for infra-red thermal imaging
as a surrogate method for body temperature monitoring.

Although this technique has been shown to be valid
and reliable [22], and recommended for clinical use in
inflammatory diseases, complex regional pain syndrome,
Raynaud’s phenomenon, as well as for fever screening [23],
some limitations must be acknowledged. First, large errors
versus a thermocouple during rest and exercise have been
reported, making it unclear within which situations it may
have application. One study whose aims was to investigate
the validity and reliability of skin temperature measure-
ments using different portable system against a certified
thermocouple, demonstrated that thermal cameras did not
perform as well as the other devices when providing live,
handheld measurements of skin temperature during exer-
cise. However, it also demonstrated that thermal cameras
are useful tools for measuring skin temperature in static
and controlled environments [24], as in our study. Second,
the principle of thermal cameras is based on emissivity,
namely the ability of the skin to emit energy by radiation,
which is processed to calculate the temperature of the
studied surface. Although, this method limits inter-indi-
vidual variation and the consequential non-uniform heat
production [24], heat transfer and temperature gradients
from body core to skin surface is under the influence of
many factor such as skin wettedness, ambient tempera-
ture once disrobed, duration of exposure to the ambient
temperature or subcutaneous fat and skin. Most of these
parameters were accounted for. For instance, there are no
gender, ethnic, age or BMI differences in our population.
It can be considered that the selected method to estimate

%BF, even if not perfectly accurate, provides sufficiently
valid results also demonstrating no difference between our
two groups. Therefore, there is a reasonable assumption to
neglect any in-between group’s bias related to fat insulation
or measurements conditions. Indeed, a compromise must
be made between increasing measurement accuracy and
maintaining validity of the protocol, when trying to transfer
otherwise valid tools to applied situations.

Our results are consistent with previous observations,
demonstrating that wetsuit diving in cold-water results in
a drop-in body temperature and may not provide adequate
thermal protection in such condition [25, 26]. The next
expected observation should have been a slowing down
of heat loss with a limited drop of skin temperature while
wearing a dry suit compared to a wetsuit. Surprisingly, we
observed the opposite, namely an increased C-SC skin
temperature among dry suit divers.

Two hypotheses may explain these results. First, cold
immersion is known to increase heat production as a func-
tion of both core/skin temperature and exercise (in our
case, finning) [27]. This production in combination with
fabrics with a higher thermal insulation such as fleece used
in the present setting, would allow a higher temperature
than neoprene or other membrane fabric. Although one
could argue that human-clothing-environment simulator is
less relevant than the use of cold water due to the thermal
properties of water, similar results have been demonstrated
for outdoor undergarments [28]. Second, the reduction of
C-SC skin temperature among wetsuit divers could be due
to vasoconstricted skin on the chest, which would result in
cooler skin temperatures. Therefore, the gradient between
core and skin may not have been established and it is
not certain that deep body cooling occurs in wet suited
divers. However, based on previous literature [25, 26],
this hypothesis is unlikely and does not explain the results
observed among dry suit divers. Indeed, this has recently
been demonstrated among spinal cord injured divers wear-
ing a wetsuit while exposed to 6 ° C water dive. Although the
drop was variable, the decrease in core temperature was
significantly increased in the absence of thermoregulatory
control below the lesion compared to able-bodied diver [29].

Based on the starting and ending cylinder pressures,
equivalent surface air consumption was calculated around
17.5 L/min in both groups. Exercise intensity inferred from
these estimates corresponds to a moderate-intensity energy
expenditure (5.3 to 5.8 MET)[30]. Since both groups showed
similar exposure, the difference in C-SC skin temperature be-
tween groups is likely to be due to the suit worn. Because of
a positive association between surface and core body [31], it
seems a reasonable assumption to consider that C-SC skin
temperature reflects core body temperature patterns, but
not necessarily absolute core temperature [32]. Then, as
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a conclusion, compared to wetsuits, it would be logical to
assume that dry suit better preserve core temperature as
this condition is associated with both an increase of C-SC
skin temperature and an alleged increased core-to-skin
temperature gradient.

Itis also known that cold exposure is associated with hand
dysfunction unless body heat content is maintained [10].
Therefore, it is paramount to preserve both core and hand’s
temperature. This can be achieved either by insulation or by
using some heating device, but both seem to be ineffective.
Indeed, according to previous literature, neither manual dex-
terity nor finger temperature could be rescued using whole
body active heating [21], while in wet-suited subjects, wearing
gloves and boots seems to increase the overall rate of body
heat loss [8, 33]. Consistently with these findings, no differ-
ence in hand’s temperature among groups was observed
and pain in the hands with major discomfort was the main
complaint in both groups at the end of the dive. Although hy-
pothetical, similar hand’s temperature could paradoxically be
explained by a better preservation of core temperature among
dry suit divers associated with a reduction of cold-induced
vasoconstriction. This mechanism has been proposed after
an experiment comparing two forms of hand heating, either
direct hand heating with electrically heated gloves or indirectly
by actively heating the torso with an electrically heated vest,
while exposed to minus 25°C in air. Despite a similar finger
skin temperature, the finger blood flow was significantly higher
during the heated vest condition [34]. Indeed, compared to the
C-SC skin temperature, which is thought to reflect core body
temperature patterns, we observed a greater magnitude of the
changes in the dry suit condition (dry: -7.2 + 1.2°C vs. wet:
-6.3 £ 0.8°C). Consequently, comfort and dexterity may be
the limiting factor in performance/endurance irrespective of
how well the rest of the body is protected. It is indeed a known
fact that manual gross and fine dexterity decreases by 71.6 +
1 22.9% and 44.5%, respectively during cold water (10°C) im-
mersion and continue to decrease with immersion time [21].

CONCLUSIONS

In conclusion, medium-duration immersion in cold wa-
ter less than 5°C, of healthy and fully protected subjects
was well tolerated. It was demonstrated that insulation
based on a three-layer strategy (a base layer to wick water
away from the skin to reduce conductive heat loss to the
liquid; a mid-layer to provides insulation; and the dry suit
membrane to provide a barrier to convective heat loss)
might maintain or even slightly increase body tempera-
ture. However, cooling of the hands, with impairment
of dexterity in such conditions, may constitute a major
safety issue.
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