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Introduction: Environmental temperature is commonly thought to
modulate decompression sickness (DCS) risk, but the literature is mixed
regarding which conditions elicit the greatest risk. If temperature is a risk
factor, then managing thermal exposure may reduce DCS incidence. We
analyzed whether hot or cold conditions during or immediately after a
hyperbaric exposure altered DCS incidence in a rat model. Methods:
Rats (eight groups of five animals in each of nine conditions; mean body
mass � SD � 259.0 � 9.2 g) were placed in a dry chamber that was
pressurized with air to 70 m (8 ATA) for 25 min, followed by rapid (�
30 s) decompression under a series of temperature conditions (35°, 27°,
or 10°C during compression; 35°, 20°, or 10°C post-decompression).
Animals were observed for 30 min post-decompression for signs of DCS.
DCS incidence in the 27°C compression/20°C post-decompression
group was 50% by design. Data from all nine groups of paired temper-
ature conditions were compared with each other using analysis of
variance, Chi-square tests, and logistic regression. Results: No signifi-
cant differences in DCS incidence were found among the groups (30–
52.5% DCS incidence per group, 42% DCS incidence overall). Discus-
sion and Conclusions: This animal model emphasized potential
temperature effects attributable to tissue N2 load acquired during com-
pression; there was no evidence that environmental temperature from
10–35°C during or post-dive modulated DCS incidence. It remains to be
determined if temperature modulates DCS risk as a function of variable
N2 elimination rates.
Keywords: diving, hyperbaria, compression, decompression illness.

DECOMPRESSION sickness (DCS) has been well
characterized as a phenomenon associated with

elevated gas tensions in tissues of people who breathed
inert gas in hyperbaria and then reduced their pressure
exposure (2). Rapid exposure to hypobaria, as in high
altitude flight or extravehicular activities in space, may
also lead to DCS (5). Tables of timed pressure exposures
that were considered to be free of DCS risk for divers
were generated empirically by the U.S. Navy (7), and
came to be used by divers worldwide. The risk of DCS
increases rapidly outside these tabled guidelines. How-
ever, some divers develop symptoms of DCS from dive
exposures that were well within these exposure limits
(9,25). A diver may face permanent disability or death
from DCS if left untreated, and sometimes even when
treated to the best of current medical ability (6).

Improving the dive tables through increased empiri-
cal testing of dive exposures and mathematical model-
ing has been successful at reducing DCS incidence (23),
but has not completely solved the problem. Over the

years, it has become apparent that DCS risk cannot be
entirely accounted for using dive times and depths
alone; this residual risk can be mathematically modeled
probabilistically as a random event (26). The idea of
managing residual DCS risk by more than just the
probabilistic approach is nevertheless appealing. Phe-
nomena that appear to occur randomly may contain
underlying variables that could be experimentally con-
trolled if adequately identified. Systematic experimen-
tation is a powerful approach to the discovery of causal
relationships among variables or events (20). It may be
possible through systematic experimentation to identify
interventions that can be manipulated in diving proto-
cols to exert some additional level of control over DCS
risk.

Temperature is potentially one of these residual risk
factors for DCS. One can easily make a case that envi-
ronmental temperature may alter inert gas uptake and
removal. Extreme temperatures or radical temperature
changes can lead to changes in metabolic rate, and are
usually accompanied by significant blood flow shunts
between the peripheral and core circulation, or changes
in cardiac output. These changes could in turn have an
impact on inert gas flux and, therefore, on DCS risk.
However, logic alone does not dictate which tempera-
ture conditions promote DCS. Any condition that cre-
ates a faster gas wash-in rate could in theory increase
DCS risk. However, the same condition should also
increase gas washout, which could by itself reduce DCS
risk. These opposing effects of the same temperature
condition would render the net effect on DCS risk un-
predictable (16,18).

Many people associated with diving report the per-
ception that DCS risk depends on environmental tem-
perature (8,10,15,16,25). However, on closer inquiry, the
evidence to support these notions is often anecdotal,
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contradictory, or at best suggestive that more investi-
gation is in order. A standard reference book on diving
medicine states in one chapter (Ref. 25, p. 40) that warm
diving is higher risk because a warm diver will absorb
additional N2 at depth. In another chapter of the same
text (Ref. 10, p. 172), cold diving is stated to be higher
risk because a cold diver will absorb additional N2
through hyperventilation. During the diving recovery
operation following the crash of TWA Flight 800, the
medical officers in charge reported that there was a
marked increase in DCS incidence once heated dive
suits were brought into use; they attributed this effect to
warm divers acquiring inert gas more rapidly than they
had in the preceding weeks of cold diving (15,16). All of
the above statements lack references to controlled stud-
ies designed specifically for analyzing temperature ef-
fects with supporting data and statistical analysis.

Temperature change immediately following decom-
pression is also reported within the diving community
as a potential factor that may increase DCS risk. Some
authorities have stated that there is a greater incidence
of DCS if divers are cold after decompression because
they eliminate inert gas less efficiently (25). A hot bath
shortly after surfacing, on the other hand, is often in-
cluded in DCS case reports as an elevated risk factor
(21), presumably because the diver vasodilates and re-
leases inert gas too rapidly (18). Again, these state-
ments, despite their logic based on physical and phys-
iological principles, are contradictory and have been
offered without reference to supporting data from con-
trolled experiments.

Ruterbusch et al. (22) reported preliminary results of
a study using a range of dive durations in which divers
were exposed either to warm conditions (36°C) during
a dive and cold (27°C) during decompression, or vice
versa. Their results showed that the warm dive/cold
decompression condition had a higher risk of DCS than
the reverse. However, with this experimental design
one could not say if the higher risk was attributable to
the warm dive, the cold post-dive, or the combination.

If a systematic analysis of temperature and DCS risk
indicated which temperature conditions were optimal
during and immediately following a dive, this might be
a relatively easy means of reducing residual DCS risk
without prolonging decompression time. Understand-
ing the underlying physiology of these phenomena may
reveal even more critical information regarding DCS.
We performed a study with rats in which animals were
exposed to either hot (35°C), moderate (27°C), or cold
(10°C) conditions while under compression in air for 25
min, which is not sufficient time to saturate them with
N2 (17). The animals were then decompressed as rap-
idly as possible, followed by a hot (35°C), moderate
(20°C), or cold (10°C) post-decompression period dur-
ing which the animals were observed closely for signs
of severe DCS. This gave us a matrix of nine paired
temperature conditions to analyze. This model se-
quence allowed us to examine potential temperature
effects and DCS risk primarily as a function of N2
uptake kinetics (17).

METHODS

Animals

Rats (Rattus norvegicus, all adult males, n � 360 total,
body mass range � 239–283 g) were examined on re-
ceipt by a member of the veterinary staff. They were
housed in pairs in Thoren units and polycarbonate
cages. Standard rat chow and water were available to
the animals to consume ad libitum. A 12:12 light-dark
cycle was maintained. All aspects of husbandry and
care were performed in accordance with SOP DVM 230
“Rodent Husbandry.” Standard length of holding of
animals prior to experiments was 7–10 d. All proce-
dures were approved by the Institutional Animal Care
and Use Committee. The experiments were conducted
in accordance with National Research Council guide-
lines on laboratory animal use (19). The institutional
animal care facility is fully AALAC certified. Animals
were selected randomly for inclusion in experimental
groups.

Dive Protocol

Five naı̈ve rats were used per experiment. The rats
were placed in a small (140 L) hyperbaric chamber and
experienced a simulated dive breathing air. While in-
side the chamber, rats were housed inside a drum mill
made of wire mesh, with compartments that kept the
animals from contact with each other. Throughout the
simulated dive, the mill turned at 3.6 m � min�1, which
obligated the animals to walk at a moderate pace. The
mill motion standardized the posture and activity level
of the animals and prevented the chamber gas from
thermally stratifying.

Based on past research, a compression and decom-
pression sequence was selected that caused rats to have
a 50% incidence of DCS when using a thermally mod-
erate dive temperature of roughly 27°C when tested for
subsequent DCS at a room temperature of roughly 20°C
(the warmer temperature in hyperbaria takes into ac-
count the greater thermal conductivity of compressed
gases). Chamber conditions simulated a dive to 70 m
(231 ft of sea water equivalent pressure; 8 ATA, atmo-
spheres absolute pressure) for 25 min. Compression
rate was 1.8 ATA � min�1. Decompression rate was as
rapid as possible for the chamber plumbing, returning
to 1 ATA in 25 s or slightly less. This rapid decompres-
sion rate was chosen as a model that minimizes tissue
N2 elimination during chamber decompression, and
thus reflects as much as possible the differences be-
tween animals in the volume of gas acquired while they
were compressed (17).

Post-decompression time, during which the rats were
observed for DCS, was 30 min. Prior experience with
rats (12,13) has indicated that in this severe model of
DCS, rats can be reliably diagnosed for DCS symptoms
by observing them walking (3.6 m � min�1) on a tread-
mill for 30 min, beginning immediately on returning to
1 ATA. More than 95% of all animals that survive 30
min post-decompression remain alive and free of DCS
symptoms after 24 h (12,13). Time of onset of symptoms
was recorded for each animal to the nearest quarter-
minute. Symptoms of DCS included labored breathing,
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limb numbness, weakness, paralysis, seizures, and
death. The severe symptoms of neurological DCS may
be distressing to animals, but humans with similar
symptoms do not report pain; consequently, the rats
were not anesthetized at any time during or after their
dives. Some rats had DCS of such severity that they
died within one or a few minutes of symptom onset.
Other rats had less severe manifestations of DCS that
may or may not have reversed in 30 min. All animals
surviving for 30 min, including those that had no man-
ifestations of DCS, were euthanized as soon as the
30-min observation period was over by inhalation of
CO2 followed by surgical puncture of the diaphragm.

Once the 50% DCS risk of this dive sequence was
established, other rats were tested following the same
sequence, but were kept at either 10°C (cold, C), 27°C
(moderate, M), or 35°C (hot, H) during the dive, fol-
lowed by testing for DCS post-dive at either 10°C (C),
20°C (M), or 35°C (H). With these chosen temperatures,
animals in the cold condition were clearly shivering and
blue in the snouts and paws (peripherally vasocon-
stricted); animals in the hot condition had bright pink
snouts and paws, and descended and red scrota (pe-
ripherally vasodilated); and animals at the moderate
temperatures had no apparent temperature-related at-
tributes.

The hyperbaric chamber was equipped with a heat-
exchanger heat pump with a reversing valve for heating
and cooling that operated on R-12 Freon expansion. The
chiller function was able to compensate for some of the
adiabatic heating of compression, and the chamber ar-
rived at the pre-determined temperature of an experi-
ment within 5–10 min of arrival at maximum pressure.
Once at the chosen temperature, the chamber typically
remained within 0.5°C for the hot and moderate set-
tings, and within 1–2°C for the cold settings (Fig. 1).
Adiabatic cooling (10–15°C) of the chamber during the
rapid decompression was unavoidable, but of less than
a minute duration including time to open the chamber
hatch (Fig. 1). Immediately on opening the hatch, the
rats were removed from the chamber while still inside
the drum mill. The mill was placed in a controlled
environment box at one atm for the 30-min post-decom-
pression observation phase. This clear-walled box was
also provided with a Freon-expansion heat pump for

heating and cooling. For the moderate post-decompres-
sion temperature conditions, the box was left at room
temperature. For the hot and cold conditions, the ex-
perimentally selected temperature for the box was typ-
ically reached within 5–10 min of placing the animals
inside, and was then maintained within 1–3°C (Fig. 1).
There was no overlap in the three temperature catego-
ries among the experiments. Animals walked inside the
drum mill for the duration of the observation phase,
with momentary stops as needed to retrieve animals
that were clearly at or near death from DCS.

Data Analysis

On completion of all experiments, there were nine
combinations of paired dive temperature and post-dive
temperature conditions, with 40 animals in each group,
for a total of 360 animals analyzed. We had predicted
that groups of 40 animals each would be adequate to
demonstrate a significant (p � 0.05, Chi-square test
with at least 75% power) change in DCS risk by 50%
(i.e., if DCS risk dropped from 50% to 25% or less, or if
DCS risk increased from 50% to 75% or more).

The DCS outcomes from the nine combinations of
temperature conditions were tested by analysis of vari-
ance (ANOVA) and the Chi-square test for homogene-
ity. This homogeneity test looked for any overall differ-
ences in DCS incidence among the nine groups that
were unlikely to be due to chance alone. Logistic re-
gression and likelihood ratio tests in the manner de-
scribed by Hosmer and Lemeshow (11) were used to
construct a dose-response function in which the inci-
dence of DCS (the independent variable) was attributed
to animal mass and temperature during and after the
dive. A survival analysis, using a log-rank test, was
used to compare the time to DCS symptom onset
among the treatment groups.

RESULTS

The mean body mass per group of rats varied by a
maximum of 10 g among the nine groups (range 254 to
264 g). Although these differences in mass per group
were small, an ANOVA indicated that there were sta-
tistically significant differences in mass among the
groups (p � 0.01). However, logistic regression analysis

Fig. 1. Temperature variations for the compression/post-decompression conditions of this study in three temperature groups. Horizontal line along
the x-axis represents time at 8 ATA. Data points represent means of eight repetitions of the experimental conditions; error bars represent � 1 SD.
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showed that body mass did not significantly correlate
with DCS outcome (p � 0.2).

Time to onset of DCS symptoms among all individual
animals ranged from 2.5 to 21 min. For those animals
with fatal DCS cases, time to death ranged from 2.75 to
29 min. Although mean time to onset of DCS symptoms
or death per group differed by only roughly 4 min
among the nine groups (range 4.5 to 8.4 min mean time
to DCS onset; range 6.5 to 10.4 min mean time to death),
an ANOVA indicated that there were statistically sig-
nificant differences among the groups for these times
(p � 0.01). However, a log-rank test showed that there
were no differences in time to DCS symptom onset or
death between groups as a function of temperature (p �
0.2).

Among the 360 animals in the 9 temperature treat-
ment groups, there were 152 (42.2%) cases of DCS ob-
served (Table I). DCS incidence per treatment group of
40 animals ranged from 30% to 52.5% (Table I). Among
these DCS cases, 107 (29.7%) animals died from their
post-dive complications (Table I). Severe DCS was the
only experimental cause of death. The Pearson Chi-
square test for homogeneity indicated that there were
no statistically significant differences among the nine
groups for DCS incidence (�2 � 7.68, 8 d.f., p � 0.4; Fig.
2A) or death (�2 � 9.2, 8 d.f, p � 0.20; Fig. 2B). Since
binomial data (DCS/no DCS; death/no death) have no
means or standard errors of means, we have presented
these data with their 95% confidence limits for compar-
isons (Fig. 2). Our experimental design was set to iden-
tify conditions as significant only if they produced a
DCS incidence lower than 25% or greater than 75%
given that the moderate temperature condition had a
50% incidence. Thus, the differences among the nine
temperature treatment groups were sufficiently small
that we cannot rule out the possibility that the differ-
ences were due to chance alone.

We also considered our data in the form of continu-
ous variables of body mass and temperature. In a logis-
tic regression analysis using actual temperatures per
experiment (rather than the H, M, and C categories) as
dependent variables, there was no significant correla-
tion between DCS incidence and either dive or post-
dive temperatures (p � 0.40). A logistic regression anal-
ysis of death incidence vs. actual temperatures showed
no significant correlation between death incidence and
post-dive temperature (p � 0.30). There was a trend
(p � 0.07) toward death incidence increasing with

warmer dive temperature, but this correlation was not
robust; minor test changes in the death incidences in the
highest and lowest temperature groups had a large
impact on the significance of this regression. The ratio
of number of deaths to DCS incidents per treatment
group did not vary significantly with dive temperature
(ANOVA, F � 1.11, 8 d.f., p � 0.39).

DISCUSSION

Several studies have been performed in which oper-
ational diving databases have been analyzed in an ef-
fort to determine retrospectively if temperature effects

TABLE I. INCIDENCE OF DCS (AND OF FATALITY) IN RATS
(n � 40 PER GROUP) EXPOSED TO 9 POSSIBLE PAIRED

CONDITIONS OF TEMPERATURE, GROUPED AS HOT (H),
MODERATE (M), AND COLD (C) DURING A HYPERBARIC
EXPOSURE AND IMMEDIATELY POST-DECOMPRESSION.

Post-Dive Temperature

H M C

Dive Temperature
H 16 (10) 18 (11) 19 (17)
M 21 (15) 20 (15) 14 (12)
C 14 (10) 18 (9) 12 (8)

Dive exposure was to 8 ATA for 25 min, followed by rapid decom-
pression within 30 s to 1 ATA.

Fig. 2. A) Incidence of or B) fatality from DCS with 95% confidence
limits in rats exposed to 8 ATA for 25 min followed by rapid decom-
pression within 30 s to 1 ATA. Rats (n � 40 per treatment group) were
exposed to a hot (H � 35°C), moderate (M � 27°C), or cold (C � 10°C)
environment during the dive exposure, and to a hot (H; 35°C), moderate
(M; 20°C), or cold (C; 10°C) environment immediately post-decompres-
sion.
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could explain a component of DCS risk (3,16,24). How-
ever, it is problematic to perform these studies well. It is
difficult to control mathematically for the known DCS
risk factors of dive depth and duration, which may not
be recorded with the same precision in an operational
database as they would be ideally in a laboratory-con-
trolled database. Air and water temperatures are sel-
dom recorded in operational settings, in which such
information is usually not deemed important.

Using dives for which time and depth had been sta-
tistically controlled, Leffler (16) concluded from a ret-
rospective analysis of U.S. Navy diving data that divers
in heated suits had nearly twice the risk of any mani-
festation of DCS compared with divers with unheated
suits. Leffler also found that each 10°C increase in water
temperature increased DCS risk by a factor of nearly
two. However, when the DCS manifestations were di-
vided into Type 1 (pain only, skin lesions) and Type 2
(neurological and cardiopulmonary) symptoms, the de-
pendence of DCS risk on temperature disappeared for
Type 2 manifestations. All of the divers in the historical
data set used by Leffler decompressed in a chamber on
the surface, but the temperature of this post-dive envi-
ronment was not reported.

A retrospective analysis of diving data from the Brit-
ish Navy was performed by Broome (3), in which dives
were grouped as either “safe” or “risky” in order to
control for dive duration and depth. In that study, dive
temperature alone was not found to be a risk factor for
DCS, but a high temperature differential between a
relatively warm water dive, and a cold, windy air ex-
posure post-decompression was found to increase DCS
risk. Thus there is some discrepancy between the results
reported by Leffler (16) and Broome (3). This discrep-
ancy may be attributable at least in part to the limita-
tions inherent in analyzing data retrospectively that
were not collected to test a hypothesis. The discrepancy
may also be due to considering dive temperature alone
(16) vs. dive and post-dive temperature combinations
(3).

The outcomes reported by Ruterbusch et al. (22), in
which the DCS incidence for warm (36°C) dives fol-
lowed by cold (27°C) decompression was higher than
for cold dives followed by warm decompression, cor-
roborate the findings of Broome (3) and are also consis-
tent with those of Leffler (16). Our data comparing H/C
to C/H dives (Fig. 2) do not provide statistical support
for a temperature effect on DCS risk in this rat model.
However, it must be understood how our model differs
from the human dives examined in the other studies
(3,16,22) in order to place our work in a perspective that
may be relevant to them.

We used an animal model that is easily managed and
well characterized for decompression research (12,13,17).
It is clear that dry, compressed gases are not the same
thermal stressor as water, and that a rat and human do
not have similar quantitative thermoregulatory re-
sponses. Rather than mimic human divers directly, we
were creating model conditions in which rats were
clearly cold or hot enough to qualitatively elicit the
general kinds of cardiovascular and respiratory shifts
believed to be relevant to DCS research. The signs of

DCS associated with a 50% incidence in a rat model are
far more severe than any that would be condoned in
human trials. This severity reduces considerably the
ambiguity in identifying symptoms of DCS from man-
ifestations of thermal or other stressors. The high DCS
incidence also allows us to maintain statistically useful
sample sizes at levels that are more practical than those
typically found in human trials. Our objective in this
study was to determine if DCS risk was either increased
or decreased by environmental temperature during the
dive or immediately after decompression specifically as
a function of gas load acquired during the time the
animals were compressed. The compression and de-
compression sequence selected here was thus not one
that any human trial or planned dive mission would
ever use, but rather an experimental means of teasing
apart any differential DCS risks associated with tem-
perature in gas uptake phenomena from those of gas
release phenomena. That is to say, in the current study
we have intentionally examined only half of the prob-
lem of inert gas flux in DCS.

To examine temperature effects on DCS risk rigor-
ously, this study should be followed by at least two
others in which rats are tested within a similar matrix of
nine temperature conditions, but using new compres-
sion and decompression sequences. In the next series,
rats should be tested for temperature effects and DCS
risk primarily as a function of N2 elimination kinetics.
This can be accomplished by leaving rats under pres-
sure for sufficient time to saturate them with N2 (90
min; 17) followed by a slow decompression rate (� 2
ATA � min�1) that would allow for any differential gas
release rates as a function of temperature to be manifest.
In another series, the pressure profiles should be com-
bined to study rats that are subsaturated and slowly
decompressed in order to combine potential differences
in gas uptake and gas elimination as a function of
temperature simultaneously.

The data from our current study neither confirm nor
refute the studies of Leffler (16), Broome (3), or Ruter-
busch et al. (22), but the combination of the current and
proposed studies may complement them. It may be that
the higher residual DCS risks reported in these three
human studies are reflective either of temperature ef-
fects associated primarily with N2 elimination, or with
a specific pairing of N2 uptake and elimination phe-
nomena. Ultimately a larger animal model that can be
fully instrumented will be needed to determine what
physiological events are correlated with these risk-en-
hancing gas fluxes. It is not at all clear whether DCS risk
would be reduced if N2 were eliminated more rapidly
or more slowly than the rate for divers at moderate
temperatures, and by what mechanisms. Doppler ultra-
sound detection of vascular bubbles may be a technique
that could be useful in these studies with a larger ani-
mal model, although the link between Doppler bubble
score and DCS manifestation is controversial (1,4,14).
The current and proposed series of rat studies should
reduce the number of conditions needed for such a
study with a larger, more expensive, and more time-
consuming animal model. A complete collection of in-
formation from these proposed studies could have a
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major impact on understanding the natural history of
DCS and mitigating residual DCS risk in the future.

We conclude that changes in environmental temper-
ature from 10–35°C during and immediately after div-
ing, using a model dive profile that emphasizes differ-
ential tissue N2 uptake in rats, does not affect DCS risk.
It remains to be determined if environmental tempera-
ture affects DCS risk when using other model dive
profiles that examine N2 elimination rates.
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