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= Abstract =

1. Steady-state thermal insulation was measured in protected and un-
protected subjects during rest and exercise in water of critical
temperature.

2. In unprotected subjects, maximal body insulation at rest increased
as a linear function of mean subcutaneous fat thickness. In all sub-
jects, however, body insulation declined as an exponential function
of the exercise intensity, reaching approximately 25% of the resting
value at work loads above 4 Met. These suggest that over 75% of
maximal body insulation in resting subjects is achieved by use of
skeletal muscle as an insulative barrier.

3. In wet-suited subjects, the overall insulation decreased to 1/2 with
2 Met and to 1/3 of the resting value with 3 Met exercise. This
decrease in total insulation was due in part to the reduction in body
insulation and in part to the decrease in insulation afforded by wet-
suits. The reduction in apparent suit insulation during exercise may
be attributed primarily to an increase in the effective heat exchange
surface area as a result of exercise hyperemia of the limbs which are
poorly insulated as compared with the trunk.

4. As a practical consequence, both in protected and unprotected
individual, heat generated by muscular exercise in water colder than
critical temperature cannot offset cooling unless the exercise intensity
is great.

* This paper was presented in the 9th UJNR Conference on Diving Physiology and Technol-
ogy held in Yokosuka, Japan (November 4-6, 1987)
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When exposed to cold, human body in-
creases thermal insulation by peripheral vaso-
constriction. There are ample evidences
which suggest that vasoconstriction occurs
not only in the superficial tissues, such as
skin and fat, but also in deep muscle tissues.
It is generally agreed that subcutaneous fat
provides an insulative barrier to the body
heat loss during immersion in cold water."*?
However, the importance of muscle shell as
an insulative barrier has not been well recog-
nized until recently.

In a previous study” we have attempted to
quantify the relative value of subcutaneous fat
vs. muscle during immersion in cool water.
Subjects clothed in swim-suits were immersed
upto the neck in vigorously stirred water.
Subjects seated motionless or performed arm
and leg exercise at a constant intensity for 3
h. In order to evaluate the thermal insulation
at the maximal degree of peripheral vasocon-
striction, water temperature for each subject
was adjusted to the critical temperature, the
lowest temperature a resting individual can
tolerate for 3 h without shivering” The aver-
age critical water temperature of 7 subjects
were 30C. The Vo, and rectal temperature
(T,) were measured at appropriate intervals,
and the overall body insulation (I) was
calculated using the following equation :

I (C/kcal/nf+h)=(Tre—Ty)/(092 M%S)
where T,, is water temperature, M is metabo-
lic heat production (4.83 Vo), and S is the
loss or gain of body heat stores { AT,.X0.83
X0.6Xbody wt). Respiratory heat loss was
assumed to be 0.08 M at rest and during ex-
ercise and was subtracted from M to give
skin heat loss of 0.92 M+S.

Fig. 1 depicts the values of overall body
insulation (I) as a function of exercise level

in 7 subjects. The exercise intensity is ex-
pressed as a metabolic rate above resting. In
all subjects the insulation declined progres-
sively as the work load increased. The most
obese subject (top curve) had a largest over-
all insulation at rest (0.23C/kcal/n?+h) and
underwent the greatest decline to a value of
0.07 at an exercise level of 3 Met (AM=
100 kcal/n’+h). Two skinny subjects (bottom
curves) had the smallest body insulation at
rest (0.11C/kcal/m’*h) and underwent the
least decline to a value of 0.04 at 3 Met ex-
ercise.
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Fig. 1. Overall body insulations, I, of 7 sub-
jects, measured during final hour of a 3-h immer-
sion in water of critical temperature (28°C~32°C)
and plotted as function of metabolism above rest-
ing, AM. The I value of resting subjects are
shown at the far left where AM=0. Each subject
was studied during 3-h of exercise on 4 or more
occasions and the I values for each subject are
connected by a curwilinear line drawn by eye.
(Park et al., 1984.)

The proportionate decrease in insulation
was, however, virtually identitical in each
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subject.

Fig. 2 depicts the overall body insulation
as a function of subcutaneous fat thickness
for all subjects at various levels of exercise
(M=50 at rest, 75, 100 and 150 kcal/n’*h).
As observed in many other studies®"*® the
insulation at rest increased linearly with the
fat thickness. This, probably, is the major
reason why the subcutaneous fat layer has
been so much emphasized as a thermal barrier
in cold water. The dashed line depicts the in-
sulation due to the fat layer (0.058T
/kcal/m’+h). It is evident that in all subjects
the overall body insulation at rest was mostly
atrributed to the tissues other than fat, and
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Fig. 2. Overall body insulation, I, plotted as a
function of subcutaneous fat thickness in 7 sub-
jects. Maximal I values during 3rd h of immersion
in water of critical temperature are depicted by
the top line, M=50 kcal/m?-h. Each of the lower
solid lines depicts I during 3rd h of exercise at
75, 100, and 150 kcal/m?+h. Dashed line depicts
physical insulation of fat alone, i.e., 0.058°C/
kcal/m?-h. (Park et al, 1984.)

that this portion of insulation decreased prog-
ressively as exercise intensity increased.
These indicate that the non-fatty insulation
was due to unperfused muscle.
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Fig. 3. Percentage of maximal insulation at
rest, % lq. is plotted for all 7 subjects as a
function of metabolism above resting. At AM=
50 kcal/m?*h, % I[,.,=48. The asymptote for %
Inax approaches 25% whenAM exceeds 150
kcal/m?-h. (Park et al., 1984.)

Fig. 3 illustrates relative changes in body
insulation as a function of exercise intensity
in all subjects. On the average, the insulation
decreased to approximately 50% of the rest-
ing value with 2 Met (AM=50kcal/nf+h)
and to 25% at 4 Met (AM=150kcal/m’*h)
exercise. Thus skeletal muscle appears to pro-
vide as much as 75% of the total body insula-
tion in subjects resting in water of critical
temperature, with subcutaneous fat and skin
accounting. for the remainder. A similar con-
clusion had been drawn in another study?® in
which superficial shell (fat and skin) insula-
tion was estimated from direct measurements
of fat and skin temperatures and skin heat
flux. This suggests that for subjects immersed
in moderately cold water, heat loss is control-
led largely by blood flow to skeletal muscle
with unperfused subcutaneous fat and skin
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providing a less important role than common-
ly supposed.

The reason for the skeletal muscle plays
such an important role in providing insulation
is due to the fact that thermal control of
blood flow (hence insulation) is mostly
accomplished in the extremities, and not in
the trunk’” Cannon and Keatinge” have
observed that in the subject immersed in wa-
ter, thermal conductance of the hands and feet
decreased drastically from 0.048 cal/cd
/min/C at 35C to 0.001 at 22°C. For the
same temperature variation, conductance of
the chest decreased by only 36% from 0.028
to 0018 cal/cf/min/C. Barcroft and

Edholm™ have observed that when an arm is-

immersed in 13C water the forearm blood
flow falls to only 0.5 ml/100 ml/min com-
pared with 17.6 ml/100 ml/min observed dur-
ing immersion in 43°C water. Such a reduc-
tion in limb blood flow will not only retard
heat transfer from the body core to the extre-
mities but will also increase the efficiency of
countercurrent heat conservation mechanism,
since the system is only effective when blood
flow is sufficiently small™ Therefore, most of
the loss of heat generated in the core of the
subject resting in cold water is through the
trunk surface rather than through the limbs.
This mechanism may be even more impor-
tant in wet-suited subjects. Since physical in-
sulation of foamed neoprene will decrease as
the curvature of surface increases, as pointed
out by Van Dilla et al.'¥ in connection with
the insulation of clothing, the insulative value
of wet-suits will be much smaller in the limb
than in the trunk. Furthermore, the design of
divers wet-suits is such that most of the trunk
surface is covered by double sheets (pants
and jacket) and the limbs by a single sheet.

Thus wet-suits provide a good insulatin to
the trunk but a poor insulation to the limbs.
Consequently, restriction of blood flow to the
limbs will greatly increase the efficiency of
thermoregulation in the wet-suited diver. We
attempted to test this hypothesis in a study
on Korean women wet-suit divers."”

Subjects were clad in their personal wet-
suits (jacket, pants and boots of 5~6mm
thick) and were immersed up to the neck in
water of critical temperature. The average cri-
tical water temperature of 4 divers with wet-
suits was 165+1.2 (SE)T. In order to pre-
vent convective heat loss from under the
suit” we tapped the suit at the ankles and
the wrists.
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Fig. 4. Average skin heat loss (H, A), rectal
temperature (T,,, B) and mean skin temperature
('T'sk, C) of 4 wet-suited subjects during final 1 h
of rest and exercise in water of critical tempera-
ture (16.5£1.2°C). Values are means+SE. (Yecn
et al., 1987)
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Fig. 4 depicts average steady-state skin
heat loss, rectal and skin temperatures at rest
and during exercise in 4 subjects. The heat
loss increased linearly with the exercise in-
tensity. However, the rectal temperature was
not different whether the subjects were resting
or were exercising at the various levels tested
(less than 3 Met). These results indicate that
the thermal insulation of the subjects de-
creased inversely with work load.

In fact, as shown in Fig. 5, the overall in-
sulation decreased from about 0.5C/kcal/m’:
h at rest (% resting M=100) to approximate-
ly one half at 2 Met and to 1/3 of the resting
value at 3 Met exercise. This decrease in tot-
al insulation (Ii) appeared to be due in
part to the reduction in body insulation
(Ihody) and in part to the decrease in insula-
tion afforded by wet-suits (I). The appa-
rent I, estimated from the difference be-
tween the I and Ipoay (Isuwit=Tiota—Ibody,
Fig. 5, inset) was on the average 0.27C
/kcal/nfh at rest, but it decreased gradually
with exercise intensity until it reached appro-
ximately 0.12°C/kcal/m’*h at above 3 Met.
The latter value of I is similar to the
physical insulation of 5 mm neoprene wet-suit
obtained using a copper manikin'” Physical
insulation of the wet-suit should not vary un-
less its thickness is changed. Since there was
no apparent reason for change in suit thick-
ness between rest and exercise, we speculate
that the unexpectedly high functional insula-
tion of wet-suits in resting subjects is a con-
sequence of physiological regulations in cold
water.

As described above, insulative value of the
wet-suit is relatively low in the limbs because
of its design (single sheet) and the high
curvature. As a consequence, the skin temper-
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Fig. 5. Total peripheral insulation (L) and
body tissue insulation (lyoqy) Of 4 subjects with
wet-suits measured during final hour of immer-
sion in water of critical temperature (16.5+1.2°C)
plotted as a function of exercise intensity. Exer-
cise intensity was expressed as a percent of rest-
ing metabolic rate (% Resting M). 1 values of
resting subjects are shown at far left when %
Resting M is 100. Each subject was studied dur-
ing 2-h exercise at two different levels. Each sym-
bol represents an individual subject. Hatched area
includes all values of insulation obtained at rest
and during exercise. Inset : changes in Liotal ~ Ibody
(i.e., apparent wet-suit insulation) in wet-suited
subjects as a function of exercise intensity. (Yeon
et al, 1987)

ature undemeath the suit will become much
lower in the extremities than in the trunk dur-
ing immersion in cold water (31.3C, chest
vs. 267C, leg in the present study). In other
words, immersion with wet-suits is analogous
to exposing the limb to water colder than that
exposing the trunk. This will lead to strong
vasocontriction in the extremities. Restriction
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of limb blood flow will greatly reduce the
surface area for heat exchange and most of
the heat exchange between the body core and
water will take place at the trunk surface
where suit insulation is relatively high. For
these reasons, wet-suits provide far greater
physiological insulation at rest than during
exercise. The exercise hyperemia reduces not
only the thermal insulation from the deep tis-
sue to the skin but also thermal insulation
down the length of the limb. Therefore, much
of the heat produced in the skeletal muscle is
dissipated through the large surface area of
limbs rather than returning to the body core.
In other words, the effect of exercise is to ex-
tend the area for heat exchange over a poorly
insulated region in parallel to the trunk.
Fig. 6 shows the effective heat exchange
area (A) estimated for the present subjects
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Fig. 6. The effect of heat exchange area of
wet-suit (A) at rest and at two levels of exercise.
The formula for A is shown in the inset. The
value of Iy was set at 0.12°C/kcal/m?-h, which
was observed for the 5 mm neoprene wet suit
using an electrically heated manikin. (Based on
Yeon et al.,, 1987)
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using the following formula :
A=T.3X0.92M/(Tg—Ty)
where M is steady-state metaboloc rate in
kcal/h, Ty is the steady-state mean skin
temperature, and I ;, is the physical insula-
tion of wet-suits which was assumed to be
constant at 0.12C/kcal/m*h in all condi-
tions. The area at rest was only 0.66nf,
which was equivalent to 40% of the total suit
surface area, but it increased with exercise
and became almost identical to the actual suit
surface area at M of approximately 200
kcal/h. This anlysis strongly supports a no-
tion that the relatively high apparent suit in-
sulation in the resting subject may be due to
a reduced surface area for heat exchange.
An obvious practical implication of the pre-
sent finding is that if a wet-suited diver is in
a situation when escape from the cold water
is not possible, it is _better to hold still than
to swim if the heat loss is to be effectively
reduced. It has been documented that exercise
in cold water increases heat loss more than it
increases heat production in an unprotected
individual*® The present study indicates
that, even in protected individual, exercise in-
creases heat loss as much as heat production
in cold water.
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