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Ergonomic aspects of cold stress and cold adaptation
by Grahame M Budd, MD1

BUDD OM . Ergonomic aspects of cold stress and cold adaptation. Scand J Work Environ Health
1989;15(suppl 1):15-26. In contrast to the simplified, unvarying, and rigidlycontrolled conditions that
characterize laboratory studies of human responsesto cold, normal work in cold regions is characterized
by a complex and unstable thermal environment, intermittent cold exposure and exercise, and the free­
dom to adjust clothingand activityfor comfort. These"ergonomic" aspectsprofoundlymodify the impact
of a cold environment on people's health, comfort, and performance. A review of recent field studies
in the Antarctic showsthat the supposed " tropical microclimate" of clothed people in the cold is an over­
simplification. People tend to be alternately chilled and overheated, and the accompanying exercise of
the vascular responsesprovides a potential stimulus for vasomotor adaptation . Significant and substan­
tial changes in men's responses to standardized whole-body cold exposures, observed on eight Antarctic
expeditions, show that general acclimatization to cold develops as an increase in tissue insulation, which
is mediated by an enhanced vascular response to cold.

Key terms:Antarctica,bodycomposition, coldacclimatization, cold-weather clothing, microclimate, physical
training, polar travel, responses to cold, thermal comfort, thermal stress.

Unsolved problems of clothing and adaptation con­
tinue to reduce the safety and efficiency of people living
and working in cold regions. Equipped as they are with
whole-body evaporative cooling but no body fur, hu­
mans have powerful physiological defenses against heat
but very limited defenses against cold. In the cold they
must therefore rely heavily upon clothing and shelter,
reinforcing (and largely replacing) the continuously
varying fine control of physiological temperature regu­
lation with the intermittently adjusted coarse control
of behavioral temperature regulation.

Many investigations of human responses to cold
have been laboratory studies, usually of only a few
hours' duration, in which the subjects' environment
and behavior, in particular their activity and clothing,
were rigidly controlled and usually kept constant. Con­
siderable extrapolation is required to apply the results
to normal work in cold regions, in which the thermal
environment is complex and unstable, exercise and cold
exposure are intermittent, and people are free to ad­
just their clothing and activity for comfort. Yet it is
these "ergonomic" aspects that determine the impact
of a cold environment on a worker's health , comfort ,
and performance. The examples given in the following
discussion have been drawn from field research in the
Antarctic, but the conclusions are relevant to most cold
environments, and in some respects to hot environ­
ments as well (I). After a brief survey of the theoreti­
cal background and of laboratory investigations, evi­
dence is reviewed concerning three fundamental ques­
tions, namely, (i) how cold are people in the Antarc-
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tic, (ii) is there an effective stimulus to acclimatization,
and (iii) does cold acclimatization in fact occur?

Stress, strain and adaptation

Figure IA shows the theoretical basis of the aforemen­
tioned questions in terms of the customary engineer­
ing model of stress and strain. In laboratory experi­
ments all elements of stress and strain can be precise­
ly measured, and thus the dose-response relationship
between them can be established. If adaptation de­
velops , it is apparent as a change in this relationship
so that the same stress evokes a different degree of
strain, eg, the increased sweat rate and lower heart rate
that accompany acclimatization to heat.

Unfortunately, the real world is more complicated
(figure lB). A person's behavior, which itself may
change through behavioral adaptation (figure IC),
profoundly modifies the stress experienced so that the
effective stress may be very different from the poten­
tial stress, however precisely measured that potential
stress may have been . And the strain produced by the
resulting effective stress is itself greatly modified not
only by physiological adaptation but by a host of other
biomedical factors, the combined effect of which is to
produce large differences between indi viduals.

Behavioral and biomedical modifiers thus introduce
a large measure of uncertainty into attempts to pre­
dict strain from environmental measurements, and so
reduce the reliability of any standards that may be set.
Much of the subject matter of environmental ergonom­
ics concerns attempts to cope with this uncertainty. In
the present context of acclimatization to cold, the sim­
ple model of figure IA is the basis of the laboratory
tests used to seek evidence of adaptation, whereas the
complex model of figure IB must be the basis for our
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experimental design and for the interpretation of any
observed changes. Historically, the two main uncer ­
tainties in field studies of cold acclimatization have
been (i) has the attenuation of the environmental cold
stress by clothing and shelter effectively eliminated the
stimulus to acclimatization, and (ii) are observed
changes in the subject's responses due to acclimatiza­
tion or to concomitant changes in other biomedical fac­
tors such as fatness or fitness?
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Cold stress in the laboratory

Controlled exposures in climatic chambers or cold
rooms have been used in many attempts to induce
general acclimatization, and they provide one of the
most informative means of detecting it.

Attempts to induce general acclimatization

As a means of trying to induce acclimatization (or ac­
climation, as labo ratory adaptations are sometimes
called), cold room exposures have the advantages that
(i) since the subjects are deprived of their customary
behavioral means of reducing their cold exposure, it
can be ensured that they are cold, and (ii) the exact
dose (degree and duration) of cold to which they are
subjected can be measured, in contrast to the uncer­
tainties of trying to estimate how much cold stress, if
any, is sustained under natural conditions. The main
disadvantages of cold room acclimation are that (i) the
experimenter is obliged to make more or less arbitrary
decisions about the nature, severity, duration, and fre­
quency of the exposures, in the absence of any infor­
mation on the kind of exposure likely to be the most
effective, and (ii) even if some kind of adaptation does
develop, it may not be the same as that which develops
under natural conditions, as is the case with artificial­
ly and naturally acclimatized rats (2).

STRESS
COose)

B
POTENTIAL- EFFECTIVE_ STRAIN_ADAPTATION

',",55 ! "A'" \

,-------,

Detection of general acclimatization

The most direct way to seek evidence of acquired
general acclimatization is to expose subjects to
rigorously controlled and standardized cold stress from
time to time and see whether their responses change.

During cold exposure tests heat loss usually exceeds
heat production and thus leads to a heat debt so that:

Figure 1. Stress , strain, and adaptation: the basic idea (A), pos­
sible complications (8), and the behavioral modifiers (C).
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Heat loss = heat production + heat debt.

Heat production throughout the exposure is readi­
Iy measured by standard techniques, and heat debt can
be calculated with greater or lesser degrees of preci­
sion from measurements of rectal and skin tempera­
ture. Heat loss from the whole body can be measured
directl y onl y with a calorimeter, but a reasonable ap­
prox imation can be calculated as the sum of heat pro­
duction and heat debt. If heat loss were to be reduced
as a result of an increase in tissue insulation, the ben­
efit might be apparent as either reduced heat produc­
tion with an unchanged heat debt , unchanged heat pro­
duction with a reduced heat debt, or a reduction in
both heat production and heat debt.

Increased tissue insulation can be brought about in
two ways - by an increased thickness of subcutaneous
fat or by changes in peripheral circulation that enhance
heat conservation . Subcutaneous fat can be measured
as skinfold thickness, but how is one to measure
changes in the peripheral circulation? Measurements
of skin temperature can sometimes be a guide, but their
usefulness is limited by the great spatial and temporal
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a Range of variation in air temperatures of no lower th an
-30· C.

Table 1. Heat exchange of clothed humans in polar climates."
(Calcul at ions based on data from reference 21)

Frequency of therm al discomf ort

Figure 2 summarizes the avai lable evidence on the fre­
quency of thermal discom fort in the Ant arctic. In­
doors, whether in heated buildings or in tents, the men
were rar ely too cool, although som etimes they were
too warm. Outdoors, by contrast, they were uncom­
fortable during as many as 55 lJfo of the ob servations.
Discomfort was the most frequent in the strenuous ou t­
door activ ities of dog sledging and backpackin g.

Discomfort outdoors at the stations was due equ al­
ly to heat and cold . Only during backpackin g in the

I), even in temperatures no lower than -30°C, reveals
that the person has to str ike a balance between the heat
gained from metabolism and sunlight and the heat lost
to the cold wind, sky, and terrain. All these factors
vary widely and inde pendently so that the resultant
heat gains and losses can range over several kilowatts.
Physiological temp erature regulation alone cannot
cope with such massive heat exchanges, and it is thu s
reinforced (and to a large extent replaced) by be­
havioral regulation - which con sists of the selection
and timely adjustm ent of clothing, supplemented by
a retreat to shelter when conditions become intolerable.

Th e trouble with behavioral regulat ion is that
clot hing adjustments , which are frequently needed be­
cause o f changes in activity and weath er, must com­
pete with the other ta sks that claim one 's time and at ­
tention (l, 22) - and when such ad justments ar e
delayed or inadequate , one becomes uncomfortably
cool or warm.

Field studies have therefore been under taken, over
a period of 30 yea rs (from 1957 through 1986), to de­
termine how often Antarctic expeditione rs experience
thermal discomfort or thermal stress and whether such
therm al imbalance might pro vide an effective stimu­
lus to acclimatization . Th ermal discom fort (23) and
associated physiolo gical responses were recorded , to­
gether with observati on s of clothing, activity, and
weath er, when men were working indoors and out­
doors at stations in the Antarctic and the sub-Ant­
ar ctic, tra veling by dog sledge and by snowmobile on
the sea ice and the An tarctic Plateau , and backpack­
ing in the wet and cold Antarctic climate o f Heard Is­
land.
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var iability of skin temperature (3). Con sequently,
man y authors, whose work has been reviewed else­
where (4, 5), have found themselves confronted with
an " unbalanced heat equation" when they sought to
interpret their findings in term s of skin temperature.

There is avail able, however, a simple and informa ­
tive index of the changes in peripheral circulation, ie,
the paradoxical fluctuation in core temperature that
occurs in response to body cooling or warming. The
intensity of the vasomotor responses is reflected in the
steepness and extent of both the rise in core temp era ­
ture as vasoconstriction develops during cooling (6) and
the subsequent fall in core temperature as vasoconstric­
tion relaxes during rewarming (7). Core temp era ture
has also been observed to rise and fall, sometimes ac­
companied by contrary changes in skin temp erature,
in response to spo ntaneous cyclic fluctuations in vaso­
motor tone (3, 4, 8, 9). These paradoxical fluctuations
in core temperature have been variously attributed to
a reduced return of cooled venous blood (10, II), a
temporary imbalance between heat production and
heat dissipat ion , heat exchange between ad jacent ar ­
teries and veins (12), and a compensatory vasodilata­
tio n in the splanchnic blood vessels (13-1 5). Which­
ever explanati on is correct, the practical application
is that such paradoxical fluctuation in core temp era ­
ture can provide a useful index of the onset , the na­
ture (vasocon st riction or vasodilatation), and the in­
tensity of per iph eral vascular responses.

How cold are people in the Antarctic?

Ju st how cold are people in the Antarctic? One view
is that the effective cold stress is negligible because of
cloth ing and shelter . Amundsen (16) believed that the
cold was not a problem if one had "good and service­
able" fur clothing; Stefansson (17) remarked that the
air in contact with a well-d ressed Eskimo's skin was
always at the temperature of "a tropical summer" ;
measurements on fur-clad Lapps (18) and Eskimos (19)
have shown that their skin temperatures remain high
during outdoor work and rest at subzero temperatures;
and it was concluded (18) that clothed hum ans in the
co ld enjoy an "almost tropical " microclim ate.

This view would perhaps have received little support
from three memb ers of Scott's 1911 expedit ion. Th ey
mad e a five-week mid winter sledge journey (without
fur clothin g) in temperatures as low as -60°e. Writing
of the convulsive shivering that he, Wilson , and Bowers
endured each night in their iced- up sleeping bags,
Cherry-Garrard (20) wrot e: " They talk of chatteri ng
teeth: but when your body chatt ers you may call your ­
self cold [p 241]." Yet he also wrote "On the most
bitter days .. . it seemed that we must be sweating [p
237)," and he noted that the swea t promptly turned
to ice in their clo thing.

An examin at ion of the avenues of heat exchange
confronting a clot hed person in the Antarctic (table
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Figure 2. Thermal discomfort indoors
and outdoors. Each point is the average
of all the observati ons made on one ex­
pedit ion or journey. The data are fro m
referenc es 22, 24-29. [ IBEA =a snow­
mobile t rip during the Internat ional Bi­
omedical Expedition to the Antarctic
(28)] [Reproduced, with perm ission,
from reference 28]
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wet, cold climate of Heard Island, where it is difficult
to keep clot hing dry, were the men too coo l (27 %)
more 'often than they were too warm (21 0,10) . Converse­
ly, durin g trave l by dog sledge and snowmobile the men
were too warm more often than they were too cool,
especially in summer when solar radiation is intense.
Ind eed , duri ng sum mer journeys by dog sledge, the
men were too warm in 50 % of the observations, were
sweating in 43 % , and experienced deep bod y temper­
atures as high as 38.7 °C; as a consequence they de­
vcloped, in the subzero cold of the Antarctic, acclimati­
zation to heat (29).

The degree of discom fort , and of sweat ing, num b­
ness, and pain, was predo minant ly mild - as wou ld
be expected, since moderate or severe discomfort usual­
ly provo kes an effective behavio ral response to cor­
rect it. Ho wever, du ring wor k which requ ired a wide
range of activity with no opportunity to adjust clot h­
ing (such as taking snow samples for trace-element
analysis in a glaciology pit) , discomfort was two to
three times more freq uent and was also more severe.

The men differed widely in the kind and degree of dis­
com fort they repo rted, pa rt ly as a result of differences
in their habitual activity and clothing and partly be­
cause of their individual preference for being too warm
rather than too coo l, or vice versa.

Effects of thermal env ironment

The micro climat e o f clothed men in the Antarct ic (25,
30, 31) has sho wn a different pattern from th at ob­
served for Lapps and Eskimos (19). Skin temperature
and subclothing temp era ture were at normal indoor
levels (33-35°C) when men were in buildings or tents
but fell by 6°C or more when they went outdoor s, in
spite of the ou tdoor clothing worn . The fall in skin
temp eratu re was greater in cold or overcast weat her
(figur e 3), despi te the addi tional clothing worn und er
such conditions.

Men traveling by dog sledge were uncomfortable
more often in the co lder weat her (figure 3), becau se
o f a greater frequency of discom fort fro m cold with

18



30 SKIN TEMPERATURE

Figure 3. Effects of thermal environment on men traveling by
dog sledge in spring - skin temperature of the medial thigh,
and the distribution of thermal discomfort, in each class in­
terval of wind chill. [Reproduced. with permission, from refer­
ence 26]

Figure 4. Effects of activity on men traveling by dogsledge and
by snowmobile in similar thermal environments - the distri­
bution of thermal discomfort outdoors at each grade of work.
The distribution of cold-induced pain. omitted for clarity. was
similar to that for numbness. The data for dog sledging are
from reference 25. [Reproduced, with permission. from refer­
ence 28]
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Sweat loss and the water exchanges of clothing

During a lO-week snowmobile trip on the Antarctic
Plateau, in air temperatures ranging from + 2 to
- 29°C, sweat loss (including insensible perspiration)
during a 9.7 h workday ranged from 176 to 995 g (35)
and varied with air temperature. The water exchange
of the clothing ranged from a gain of 820 g to a loss
of 430 g. The water uptake of the clothing was propor­
tional to the sweat rate, but the progressive wetting
of clothing observed in laboratory studies (36) did not
occur, apparently because of periodic exposure to con­
ditions favorable to drying in sunny weather and in
warmed environments indoors.

Effects of activity

Outdoor work in the Antarctic is strenuous, and heat
production is often of the order of 500 W (33, 34). Men
traveling by dog sledge or snowmobile (25, 28) felt
warmer and sweated more often when they worked
harder (figure 4). During the most strenuous work they
reported sweating in 33 % of the observations when
dog sledging and in 58 % when traveling by snowmo­
bile. Besides sweating more often, they also sweated
more profusely. Clothing records during the snowmo­
bile trip (28) showed that the overheating during ex­
ercise was due to the men's failure to reduce their cloth­
ing enough to compensate for the extra heat produc­
tion, so that heat storage and sweating were inevita­
ble. The feet shared in the discomfort, being uncom­
fortably warm in 39 % of the observations made dur­
ing heavy work.

little reduction in the frequency of discomfort from
heat and sweating (25). Increasing discomfort in the
colder weather was also experienced at the Antarctic
stations, especially for the face and the extremities (27).
In the coldest weather the men's faces, hands, and feet
were uncomfortably cool in 36, 33, and 25 070 of the
observations, respectively, that were made at the sta­
tions, and in 33,19, and 12 %, respectively, of those
made during a snowmobile trip (28). However, on the
snowmobile trip colder weather did not cause more fre­
quent coldness of the trunk, because of the greater use
of down-filled clothing which gave the total clothing
ensemble an insulation of 3 clo units (32).

Current problems with polar clothing
The preceding summary of findings reflects the long­
standing and still unsolved problems of cold-weather
clothing, as discussed elsewhere (I). Clothing that pro­
vides even 3 clo units of insulation tends to be exces­
sively heavy, bulky, and stiff; and because its insula­
tion cannot be reduced conveniently enough, the en­
hanced protection from cold is gained at the cost of
more frequent overheating and sweating during exer­
cise. The frequencies of a cold face and hands reflect
the difficulties of designing a face mask that can cope
with icing from frozen breath, and of reconciling the
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conflicting requirements of the hands for protection
and manipulative performance (37, 38). The equal fre­
quencies of uncomfortably warm and cold feet reflect
(like those of the trunk) the lack of opportunity to vary
the insulation of footwear to match variations in
environment and activity (39), with the result that
sweating wets the insulation and increases the risk of
cold injury.

Is there an effective stimulus to
acclimatization?

The aforementioned findings show that present-day
Antarctic clothing greatly reduces cold stress but does
not eliminate it. The notion that a permanent "tropi­
cal microclimate" is maintained beneath the clothing
thus appears to be an oversimplification. People tend
to be alternately chilled and overheated, and the ac­
companying exercise of the vasomotor responses would
seem to be a remarkably appropriate stimulus for the
enhanced vascular response to cold which has been
found to develop, as described in the following dis­
cussion. Likewise, the frequent occurrence of cold­
induced numbness and pain appears to pro vide an ap ­
propriate stimulus for the local accl imati zation which
has been reported for the face (22, 40) and hands (30,
41,42). The infrequency of shivering is consistent with
the findin g that acclimatization in the Antarctic does
not increase the metabolic response to cold (22, 26).
Con versely, the elevated core temperatures and heavy
sweating reported dur ing summer sledging were ap­
propriate stimuli for the observed acclima tization to
heat (29). There is evidence that cold exposure has an
antagonistic effect on heat tolerance (43), but measure­
ment s of tolerance to both heat and cold throughout
an Antarctic winter ha ve yet to be undertaken .

Does cold acclimatization in fact occur?

Evidence of acclimatization to cold has been sought
on many polar expeditions over the past 40 years.
Comprehensive reviews of biomedical research on such
expeditions have been publ ished by Edholm & Lewis
(44), Edholm & Gund erson (45), and Gunderson (46),
and research on thermal stress and acclimatization has
also been reviewed earlier (4, 22, 26). The present ac­
count is therefore restricted to a summary of the main
find ings concerning general acclimatization.

Whol e-body cold expo sures in controlled and sta n­
dardized environments have been used to test for the
developm ent of acclimatization during (i) a year or
more on the Antarctic continent, on seven expeditions,
(ii) a summer expedition in the severe wet and cold Ant­
arctic climat e of Heard Island, and (iii) an attempt to
induce preacclimatization to cold , by means of cold
baths, before an expedition 's departu re from Australia.

20

Wintering parties in Antarctica

Lillie A merica 1957. Eight men were exposed nude to
an ambient tempe rature of 17°C for 2 h in autumn,
winter, and spring (47). In winter and spring the meta­
bolic respon se to cold was significantl y less than it had
been in the autumn, yet the heat debt was no greater,
a findin g implying that heat loss had been reduced by
an increase in tissue insulation. The changes in heat
production were poorl y correla ted with changes in fat­
ness, and it seems likely that the increased tissue insu­
lation was mainly due to an enhanced vasomotor re­
sponse to cold .

Ma wson 1959. Four men were tested twice in each of
five series over a period of 17 months (4, 48). In each
test they were exposed nude to an ambi ent tempera­
ture of 10°C for 95 min. Series 1 and series 5 were done
in Australia, immediately before and after the ex­
pedition, and series 2, 3, and 4 were done at Mawson
in the Ant arctic autumn, spring, and summer. Figure
5 shows that in series I the vasocon strictor response
to cold, as reflected in the par ado xical rise in rectal
temperature, was slow in onset and small in degree .
At Mawson (series 2-4) it was prompt , strong, and
well-sustained; and in series 5, back in Australia once
mor e, the re was an earl y but weak vasoco nstr ictor
response which maintained th e rectal temp erature at
its init ial level for onl y 35 min , after which time the
rectal temp erature fell steepl y to lower levels than in
series I.

The changes between series in the final value of the
rectal temperature were statistically highly significant
(P < 0.001), and they reflect a substantial improvement
in the subjects' abilit y to defend core temperature dur ­
ing cold stress. In all four subjects , after 95 min of
exposure the rectal temperature in series 3 was steady
near or above the preexposure level, whereas in series
5, after the acclimatization had decayed, the rectal tem­
perature was as much as I DC lower and was falling
steeply. Measurements made after an hour 's rewarm­
ing showed that the changes in rectal temperature be­
tween series reflected real changes in heat debt and
were not simply the result of a changed distr ibution
of bod y heat as suggested by Carlson et al (49).

The cha nges in rectal temperature could not be ex­
plained by associated chan ges in fatness or physical
fitness, and they were not due to some endogeno us sea­
sonal rhythm or to changes in da y length , as are sea­
sonal changes in the heat tolerance of cattle (50). Ho w­
ever, they showed a clear relat ion to air temperature
and were highest in the coldest weather. It was there­
fore concluded that the observed changes reflected the
development and subsequent decay of genera l ac­
climat ization to cold .

As regards the mechanism of acclimatization , it was
clearly not mediated by an increased metabolic re­
sponse to cold (figure 6) - in contra st to tha t of small
anima ls, which develop an increased capacity to pro -
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Figure 5. Rectal temperature change - mean values of the
eight exposures made in each of the five series (shown by their
respective numbers) of nude exposure experiments of the
Mawson 1959 expedition. Zero time indicates commencement
of the test cold exposure. [Reproduced, with permission, from
reference 41
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duce heat (nonshivering thermogenesis) from brown
fat (51, 52). The average heat production was signifi­
cantly less (P < 0.05) in series 2, 4, and 5 than it had
been in series I, but the changes between series were
different for each subject and were unrelated (P>
0.20) to the subjects' changes in rectal temperature.

The improved ability to maintain rectal temperature
without an accompanying increase in heat production
implied an increase in tissue insulation. This increased
insulation, as noted in the preceding discussion, was
not due to increased fatness. Nor could it have been
due to the reduced muscle perfusion or reduced air
movement over the skin that might accompany a reduc­
tion in shivering, because changes in shivering and me­
tabolism were unrelated to changes in rectal tempera­
ture. Indeed, in three subjects, heat production in se­
ries 3, when rectal temperature was at its highest, was
the same as it had been in series 1. It was therefore
concluded that the increased tissue insulation was in
fact due to the enhanced vasoconstrictor response to
cold that is apparent in the changes in rectal tempera­
ture.

The mechanism of acclimatization is well illustrated
by one subject's response in series 2 (figure 7), in which
there was a prompt rise in rectal temperature, a very
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Figure 6. Responses of body temperature and oxygen con­
sumption to cold - mean values of the eight exposures made
in each of the five series of nude exposure experiments of the
Mawson 1959 expedition. The distance between the series is
proportional to time. The observed skin temperatures of the
abdomen and the toe are shown by broken lines, and the values
adjusted by analysis of covariance (on minor variations in the
cold stress test) by solid lines. [Reproduced, with permission,
from reference 4]

Figure 7. Body temperature, oxygen consumption, and onset
of shivering of one subject in the second exposure of series
2 of the nude exposure experiments of the Mawson 1959 ex­
pedition, in comparison with his mean values in series 1. (Zero
time =commencement of cold exposure) [Reproduced, with
permission, from reference 4]
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late metabolic response, and the lower skin tempera­
tures that enhanced vasoconstriction would seem to
impl y [although, for reasons discussed elsewhere (5),
consistent changes in skin temperature are infrequently
observed]. Acclimatization thus appears to change the
balance between the metabolic and vasoconstrictor
responses to cold, in a manner reminiscent of an earlier
comment, in another context, by Cannon & Keatinge
(9). Referring to the fact that immersed fat men did
not achieve their maximum tissue insulation until the
water temperature was much lower than that requi red
to elicit an increased metabolic rate , these authors com­
mented that "their increase in metabolic rate was there­
fore unnecessary, in that they could have achieved ther­
mal balance by vasoconstriction alone at these tem­
peratures [p 338]." The results of this study suggest
that the acclimatized person improves his thermal bal­
ance in just this way.

Mawson 1964. Five years later the Mawson investiga­
tion was repeated at the same station, in the same way,
by a different observer using different subjects (5).
Four men were tested twice in each of two series, one
(series I) immediately before leaving Australia and a
second (series 2) at Mawson in late winter, 24 weeks
after arriving in Antarctica. The results (figure 8) were
identical to those of the 1959 study, rectal tempera­
ture at Mawson showing an earlier, higher, and better
sustained rise than in Australia. The change was sig­
nificant, and it could not be attributed to changes in
fitness or fatness. Heat production could not be relia-

bly measured in series 2, but the onset, pattern , and
inten sity of shivering were the same in both series.

In keepin g with the stronger vasoconstriction in se­
ries 2, the relaxation of vasoconstriction in the first
15 min of rewarming caused more than twice as great
an "after-drop" in rectal temperature in series 2 as it
had in series I. Collins et al (7) have also observed that
subjects with stronger vasoconstriction during cooling
experience a greater after-drop on rewarming.

Series 2 was also characterized by large spontane­
ous fluctuations in rectal temperature (figure 9). as
much as O.5°C in 10 min , which occurred at much the
same times as smaller fluctuations or pauses in cool­
ing had occurred in series I . The fluctuations in series
2 were attributed to an exaggeration, caused by the en­
hanced sensitivity and intensity of vasomotor responses
in the acclimatized subject, of a normal cyclic varia­
tion in the vasomotor response to cold.

Halley Bay 1968. In the winter of 1968 Dr Denis
Wilkins, at the British station at Halley Bay, investigat­
ed men's responses to a deliberate increase in daily cold
stress (53). An " acclimatization group" of four men
sat for 2 hid, lightly clothed, in a cold room at - 20°C
for 14 successive days and were accompanied I d/week
by a contro l group of three identically clothed men.
Core temperatures throughout the exposures, and for
45 min of subsequent rewarming in a room at + 16°C,
were continuously measured by telemetry with tem­
perature-sensitive "radio pills. " Figure 10 shows that
on the first day of exposure the acclimatization and
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Figure 8. Rectal temperature change in Melbourne (filled.circles) and Mawson (unfilled circles) - me~n values of the eight
exposures made in each series of the nude exposure experiments of the Mawson 1964 expedition. (Zero time = commencement
of cold exposure) [Reproduced, with perm ission, from reference 5)
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Figure 9. Rectal temperature change in Mel­
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periments of the Mawson 1964 expedit ion.
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Figure 10. Core temperature change dur ing clothed co ld ex­
posures and subsequent rewarm ing at Halley Bay in 1968 ­
mean values on the first, seventh, and fourteenth day (shown
by their respective numbers) of artificial acclimatization. (Zero
time = commencement of cold exposure) [Reproduced, with
perm ission, from reference 53]

control groups responded in an identical fashion. A
small and transient immediate rise in core temperature,
presumabl y indicative of natural acclimatization , was
followed by a continuing fall to a final temperature
a .7°C below the preexposure values. Over the next
14 d the control group's responses remained un­
changed, whereas the acclimatization group progres­
sively developed higher and more sustained increases
in core temperature, to the extent that on day 14 the
core temperature after 2 h was less than a.2°C below
the preexposure values - an improvement of more
than a.5 °C , which was statistically highly significant.
The acclimatization group also showed, as had ac­
climatized subjects at Mawson (5), an exaggeration of
their spontaneous fluctuations in core temperature and
a great er after-drop in core temperature as the inten­
sified vasoconstriction relaxed during the rewarm ing.
The result s thu s confirmed those of the two previous
studies at Mawson, and extended them by showing that
in naturally acclimatized subjects additional habitual
cold stress appears to provoke the accelerated develop­
ment of a greater degree of acclimatization - in
marked contrast to the generally negative results of at-
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tempts to induce acclimatization by repeated or con­
tinuous exposures in cold rooms in temperate climates.

Other investigations. Bodey (54) reported that 12 men
wintering at the Australian station Casey, when peri­
odically tested for 2 h at an ambient temperature of
10°C, improved their ability to maintain rectal tem­
perature. At the South African station SANAE in
1961, Wyndham and his colleagues (55) measured six
men's responses during 90-min exposures to ambient
temperatures of 5, 10, 15, and 27°C and found that
the metabolic response to the lower air temperatures
was less than it had been in comparable groups in
South Africa. The authors concluded that tissue insu­
lation had increased in Antarctica; and they attribut­
ed it to weight gain. The results of a subsequent in­
vestigation at SANAE in 1967 (56) were thought to
support this view, and, in addition, to suggest that
vasoconstrictor tone had increased.

Influence of changes in fitness and fatness
Two important confounding variables in field studies
are the increased fitness and reduced fatness that of­
ten result from the physical exertion of life in snow
country (25,57-60) and can change responses to cold
in a way that might be misinterpreted as evidence of
acclimatization. Thus Adams & Heberling (61) and He­
berling & Adams (62) reported that physical training
alone could produce the changed responses to cold ­
increased skin temperature and heat production, and
unchanged or decreased rectal temperature - that had
previously been attributed to metabolic acclimatiza­
tion (63). However, those same changes, which seem
to imply a reduction in tissue insulation, are also
characteristic of thin people as compared with fat
people (64-66); and it thus seems possible that the
changes attributed to training and acclimatization may
in fact have been due, at least in part, to reduced
fatness of the subjects, whose body weight and fat­
ness were unfortunately not reported. This possibility
is strengthened by Andersen & Wilson's finding (67)
that when training produced a significant increase in
fitness without a concomitant reduction in fatness the
response of skin and rectal temperature to cold did not
change, and the only effect was an increase in heat pro­
duction.

The effect of physical training on responses to cold
thus remains unclear. However, the available evidence
seems to show that if training does have an effect it
is in the direction of a reduction in tissue insulation.
Hence a possible increase in fitness cannot explain the
changes attributed to acclimatization in Antarctic win­
tering parties, since those changes have consistently in­
dicated an increase in tissue insulation. Moreover, at
Mawson in 1959 the observed changes in rectal tem­
perature were unrelated to the subjects' estimates of
changes in their physical fitness.
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Summer expedition in wet-cold conditions
In 1963six men were studied before and after six weeks
of strenuous outdoor work in the wet and cold Ant­
arctic climate of Heard Island (57). Exposure to cold,
often inwet clothing, was frequent andsometimes se­
vere. Three men experienced moderate hypothermia
when they lost their survival equipment during a
prolonged blizzard in the mountainous interior of the
island, and one man's hands were frostbitten . All six
men became significantly fitter (P < 0.05), as shown
by the Harvard step test, and they became leaner, as
shown by reduced body mass and skinfold thickness.
Nevertheless their ability to tolerate a 2-h exposure to
an ambient temperature of 4°C did not decrease, and
they tended to shiver less. These findings suggest that
enhanced vasoconstriction had compensated for the
reduction in tissue insulation caused by the loss of fat
(and perhaps by the increase in fitness). Additional evi­
dence for this conclusion was that the finger cooled
more rapidly and showed less cold-induced vasodila­
tation, and that significant changes observed in the
arm-to-finger temperature gradient were consistent
with increased countercurrent heat exchange in the
forearm blood vessels. The results are thus fully con­
sistent with those obtained with Antarctic wintering
parties.

Laboratory acclimatization by cold baths

A successful attempt to preacclimatize expedition
members before leaving Australia for Antarctica was
made during the International Biomedical Expedition
to the Antarctic (lBEA) (68; Budd et aI, report in
preparation). Six men were exposed for 2 h, nude, to
an ambient temperature of 10°C before and after they
had undergone 10 daily cold baths of a mean dura­
tion of 48 min in 15°C unstirred water. After the 10
baths they shivered less and produced 12 11/0 less heat
(P<O.OI) than beforehand, without incurring a sig­
nificantly greater heat debt. The pattern and degree
of the observed changes were the same as those as­
sociated with an additional 3- to 4-mm skinfold thick­
ness, although the skinfold had not changed. The
results imply that tissue insulation had increased as a
result of enhanced vasoconstriction. A significantly
higher rectal temperature in the first 30 min of the ex­
posure was consistent with this interpretation. There
was no evidence of nonshivering thermogenesis.

Concluding remarks
The eight Antarctic field studies differed widely as
regards both the acclimatizing exposure and the test
exposure, and the pattern of the subjects' responses
was equally diverse. Nevertheless all showed statisti­
cally significant changes in men's responses to cold,
and in every case the changes - whether an increased
rectal temperature with an unchanged or reduced heat
production, or a lesser heat production with an un-



changed heat debt - were consistent with an increase
in tissue insulation . Horvath (69) has drawn essentially
the same conclusion from a review of seasonal changes
elsewhere. At the South Afri can sta tion SANAE the
increased insulation was attributed mainly to fat depo­
sition , but in most other Ant arctic studies it appeared
to be due to a more prompt , intense, and sustained
vasoconstrictor response to cold . It is there fo re con­
cluded that general acclimatization to cold does indeed
develop in the Antarctic.

Important negative findings of the Antarctic studies
have been that (i) the chan ges produced by acclimati­
zation differ from those that have been report ed to ac­
company physical training, (ii) neither the resting meta­
bolic rate nor the metabolic response to cold have in­
creased, and (iii) there has been no evidence of non­
shivering thermogenesis. Th e last two findin gs show
that the mechanism of hum an acclimatization in the
Antarctic differs from that of the acclimatized labora­
tory rat (2), even though the outcome - an impr oved
defense of core temperature - is the same.

The findings of the laboratory study with cold bath s
confirm and extend those of Boutclier et al (70) and
of Youn g et al (71 ), who also concluded th at repeated
cold baths indu ced an increase in tissue insulation . It
seems remar kable that the violent shivering and
hypothermia experienced in 10 cold baths sho uld in­
duce an ada ptation of the same kind as that induced
by norm al life in Antarctica, where men are rarely cold
enough to shiver or to sust ain falls in deep body tem­
perature (22, 29). That such different stimuli should
produce a comm on adaptation of increased tissue in­
sulation is perhaps analogous to the variety of response
patt erns in which that adaptation has been reflected.
There would seem to be a need for further investiga­
tions, using techniques that provide more precise in­
form ation about changes in tissue insulation and in the
peripheral circulation .

References "

1. Budd GM . Clothing for fire an d ice: field studies amo ng
firefighters and polar traveller s . In: Tokura H, ed .
Proceedings international symposium on cloth ing com­
fo rt studies in Mt Fuj i. Osak a : Th e Japan Research As­
soci a tio n fo r Tex tile End-U ses, 1989:25-42.

2. Heroux 0, Depocas F, H art JS. Comparison betwee n
seas onal and th ermal acclimat ion in white rat s: I. meta­
bol ic and insulative cha nges . Ca n J Biochem Ph ysiol
1959;3 7:4 73-8.

3. Clark RP , Edh olm OG . Ma n and his th erm al environ­
ment. Lo ndo nrEdward Arnold , 1985.

4 . Budd GM. General accli ma tization to cold in men
studied befor e, during, and a fter a year in Antarctica .
Melbourn e: Ant arct ic Division, Department of Exter­
nal Affairs, 1964. (ANARE rep ort no 70.)

5. Budd GM , Warhaft N. Body temperature, shiver ing,
blood press ure and heart rate du ring a sta nda rd co ld
st ress in A ustra lia and Antarct ica . J Ph ysiol (Lo ndo n)
1966;186:216-32.

6. 1ampiet ro PF, Bass DE , Buskirk ER . Heat exchanges
of nude men in the co ld: effect of humidit y, tem pera-

tu re a nd windspeed . J Appl Ph ysiol 1958;12:351 - 6.
7. Co llins KJ , Easton JC , Exton-Smith AN. Bod y temper­

a ture a fte rd ro p : a ph ysical or ph ysiological ph enom e­
non ? J Ph ysiol (Londo n) 1982;328:72-3P.

8. Gr ayso n J. Vascul ar react ion s in the human inte st ine.
J Ph ysiol (Lo ndo n) 1949; 109:439-47.

9. Ca nno n P, Keatin ge WR . T he metabol ic rate and hea t
loss of fat and th in men in heat balance in cold and warm
wat er. J Physiol (London) 1960; 154:329-44.

10. Asc ho ff J. Kre islau fregulatorische Wirkungen der
Kalterdilatation einer Extremitat als Folge extrerner, urn­
schriebener Abkuhlung. Pflugers Arch Ges Ph ysiol Men­
schen Tiere 1944;248:436-42.

11. Burton AC, Edh olm OG . Man in a co ld envi ro nment.
Lon do n: Ed ward Arnold, 1955.

12. Bazett HC , Love L, New to n M, Eisen berg L, Day R,
For ster R. Temperatu re cha nges in blood flowin g in ar­
ter ies and veins in ma n . J Appl Ph ysioI1 948;1 :3-19.

13. Mu ller O. Ub er die Blutverteilun g im men schi sch en
Kerper unt er dem Einfluss thermi scher Reize. Arch Klin
Med 1905;82:547-85. (Cited in: Rowell LB. Human cir­
culation regulation du ring ph ysical stress . New Yor k,
NY : Oxford University Press, 1986:201-2.)

14. Grayson J. Ob ser vat ions on blood flow in human in­
tes tine . Br Med J 1950;2:1465-70.

15. G rayson J. Ob ser vati ons on the tempera ture of the hu­
man rectum. Br Med J 1951;2 :1379- 82.

16. Am undsen R. The south pole; vol 2. London : Joh n Mur­
ray, 1912:19 4.

17. Stefansson FV. The frie ndly arctic. London : MacMil­
Ian , 1921 . (C ited in New burg h LH , cd . Ph ysiology o f
heat regulation . Ph ilad elph ia , PA: Sa unde rs , 1949: II .)

18. Scho lande r PF, Andersen KL , Krog J , Lorent zen FV,
Steen J , C ritica l tem perature in Lapps. J Appl Ph ysiol
1957; 10:231 - 4.

19. Mila n FA. Maint enan ce of therm al ba lance in Arct ic Es­
kimos and Antar ctic sojourners. In: Carrick R, Hold­
ga te M, Prevost J, ed . Antarctic biology: proceedings
o f the first SCAR symposium , Septemb er 1962. Paris :
Hermann, 1964:529-34.

20. Cher ry-Garrard A. Th e wors t journey in the world . Lon ­
do n : Cha tto & W ind us, 1952 .

21. Chre nko FA , Pu gh LGCE. Th erm al enviro nment of
man in Antarctica . Proc Ro y Soc London Ser B 1961 ;
155:243-65.

22. Budd GM . Ph ysiological research at Au stralian sta tio ns
in the Antarctic a nd Su ba ntarctic. In : Gu nderso n EKE,
cd . Hum an adapta bility to Antarctic co ndi tio ns .
Washing ton, DC: American Ge ophysical Union , 1974:
27- 54. (Antarctic research series; vo l 22).

23. Bed ford T. T he warmt h facto r a t work . London: In ­
dustrial Health Resear ch Board, 1936:18. (Report no 76.)

24. Go ldsmith R. Use of clothing records to demonstrate
acclimatization to co ld in man. J Appl Physiol 1960;
15:776 - 80.

25. Budd GM . Skin temperature, the rm al co m for t, swea t­
ing, clo thing , a nd ac tivi ty of men sledging in A nta rcti­
ca . J Physiol (Londo n) 1966;186: 201-1 5.

26. Budd GM. Aust ralian physiological resea rch in the Ant­
arc tic and Subantar cti c, with special re ference to ther­
mal st ress and acclima tization. In: Ed hol m OG, Gun­
derson EKE, cd . Polar human biology. London :
Heinemann Medical Books, 1973:15-40.

27. Budd, GM, Hicks KE, Lugg OJ , Murray LG , Wigg OF.
T hermal discomfort in the Antarct ic and Subantarc tic.
Med J Aust 1969;2:1285-8.

28. Budd GM, Hendrie AL, Jeffery SE . Behavioural tem ­
pera ture regulation dur ing a motor-toboggan traverse
in Anta rctica. Eur J Appl Physiol 1986;55 :507-16.

29. Wilki ns DC. Acclim at ion to neat in the An ta rctic . In:
Edh olm OG , Gunderson EKE , ed . Polar human biol o­
gy. London: Heinemann Medical Books, 1973:171-81.

30. Ham pt on IFG. Local acclimatiza t ion of th e hands to

25



prolonged cold exposure in the Antarct ic. Br Anta rc Surv
Bull 1969;19:9-56.

31. Norman J N. Cold expos ure and pattern s of ac tivi ty at
a polar stat ion. Br Anta rc Surv Bull 1965;6:1-13.

32. Rivolier J , Bachelard C , Regnard J . Coo ling power and
heat exchange. Pre sented at the 6th international con­
feren ce on circumpolar heal th , Anchorage, AK, 1984.
(Interna tional Biom edical Expedition to the Antarctic
(IBEA), poster and abstrac t no 23).

33. Brotherhood JR . The British Anta rctic environment with
special reference to energy expendi ture . Forsvar smedi­
cin 1972;8:111-4.

34. Brotherhood JR . Studies on energy expendit ure in th e
Antarctic . In: Edholm OG, Gunderson EKE, ed . Polar
hum an biolo gy. London : Heinemann Medical Boo ks,
1973:182-92.

35. Budd GM , Hendrie AL , Je ffery SE . Sweat ing, respir a­
tory water loss, and water exchanges of clothing during
a mot or-toboggan tra verse in Anta rct ica. In: Abstracts,
XXII international congress on occupa tional health, Sep­
tember 1987. Sydney, 1987:144 .

36. Belding HS, Russell HD, Darling RC , Folk GE. Ther­
mal responses and efficiency of sweat ing when men are
dr essed in arctic clothing and exposed to extreme cold.
Am J Physiol 1947;149:204-22.

37. van Dilla MA, Da y R, Siple PA. Special problem of
hand s. In : Newburgh LH, ed . Physiology of heat regu ­
lation . Ph iladelphia , PA: Sau nders , 1949:374-88.

38. Lit chfield P . Manual perf orm an ce in the co ld : a review
of some of the critica l fac tors . J R Nav Med Serv
1987;73:173-7.

39. Oakle y EHN. The design and fun ction of militar y foo t­
wea r: a review following experiences in the South At ­
la ntic. Er gonomics 1984;27:631-7.

40. Frazier RG. Acclima tization and the effec ts of cold on
the hum an body as ob served at Little America 3 on the
United State s Ant ar ctic Service Expedition 1939-41.
Pr oc Am Phil Soc 1945;89:249-55.

41. Massey PMO. Finger numbness and temperature in Ant ­
arctica. J Appl Ph ysiol 1959;14:616- 20.

42. Elkington EJ . Fin ger blood flow in Ant ar ctica. J Ph ys­
iol (London) 1968;199:1-10.

43. Budd GM , Brotherhood JR, Beasley FA , et al. An­
tagoni stic effect o f cold exposure on hum an heat toler­
a nce. In : IImarinen R, Pasche A , ed . 3rd internat ional
confe rence on environmental ergo nomics : Proceedings.
Hel sinki: Secretariat 3rd Intern ati on al Conferen ce on
Environmental Ergonomics, 1988:8 . (Abstract).

44. Edholm OG, Lewis HE. Terrestrial animals in cold: man
in polar regions. In: Dill DB , Ad olph EF, Wilber CG,
ed . Handbook of physiology, section 4: adaptation to
the environment. Washington , DC : American Physio­
logical Society, 1964.

45. Edholm OG, Gunderson EKE, ed. Pola r human biolo­
gy. London: Heinemann, 1973.

46. Gunderson EKE, ed. Human adapta bility to Antarctic
condition s. Wa shington, DC: Am erican Geoph ysical
Union , 1974. (Antarctic research series; vol 22.)

47. Milan FA , Elsner R, Rodahl K. Thermal and metabolic
responses of men in the Ant ar ctic to a sta nda rd co ld
stress. J Appl Ph ysiol 1961;16:401-4.

48. Budd GM. Acclimatization to cold in Antarctica as
shown by rectal temperature response to a standard cold
stre ss. Nature 1962;193:886.

49. Carl son LD , Burns HL , Holmes TH , Webb PI'. Adap­
tive changes during exposure to cold . J Appl Ph ysiol
1953;5:672-6.

50 . Yeat es NTM . Photoperiod icity in catt le: I. seasonal
changes in coat character and the ir impor tance in hea t
regulation. Au st J Agric Res 1955 ;6:891-902.

51. Hsieh ACL, Carl son LD . Role of ad renaline and
noradrenaline in chemical regulation of heat product ion .

26

Am J Ph ysiol 1957;190:243-6.
52. Depocas F. T he calorigenic response of cold-acclimatized

whi te rat s to infu sed noradrenalin e. Can J Biochem
Ph ysiol 1960;38:107-14.

53. Wilkins DC . Heat and cold stress in the Ant ar ct ic. Po ­
lar Rec 1976;18(113):143-9.

54. Bodey AS. Th e rol e of catecho lami nes in hum an ac­
climat izat ion to co ld: a study of 24 men at Cas ey, Ant­
arctica. In: Edholm OG , Gunderson EKE, ed . Polar hu­
man biology. Londo n: Heinemann Medical Books, 1973:
141-9.

55. Wyndham CH, Plotkin R, Munro A. Ph ysiological reac­
tio ns to cold o f men in the Antarctic. J Ap pl Ph ysiol
1964;19:593-7.

56. Wyndh am CH, Loots H. Responses to cold dur ing a year
in Ant arctica . J Appl Ph ysiol 1969;27:696-700.

57. Budd GM. Effect s of cold exposu re and exercise in a
wet, cold Antarcti c climate . J Appl Ph ysiol 1965;20 :
417- 22.

58. O 'Har a WJ, Allen C, Shephard RJ . Loss of body fat
during an ar ctic winter expedition . Ca n J Ph ysiol Phar­
ma col 1977;55: 1235-41.

59. Goldsmith R, Hampton IFG, Laym an DB, Light I. Max­
imum oxygen consumption. Present ed at the 6th inter­
nati onal conference on circumpolar health , An chorage,
AK , 1984. (International Biomedical Expedition to the
Antarctic (IBEA), poster and ab stract no 13).

60. Broth erh ood JR , Budd GM, Regnard J , Hendrie AL,
Jef fery SE, Lincoln GJ. The physical characteristics of
the memb ers during the Int ern ation al Biomedical Ex­
pedition to the A nta rctic . Eur J Appl Ph ysiol 1986;
55:517- 23.

6 1. Ada ms T , Heberling EJ. Human physiological responses
to a sta nda rdized cold stress as mod ified by physical fit­
ness. J Appl Ph ysiol 1958: 13:226-30.

62. Heb erling EJ, Adams T . Relation of cha nging levels of
ph ysical fitn ess to human cold acclimat ization. J Appl
Ph ysiol 1961;16:226-30.

63. Scho lander PF, Hammel HT, Lange Ande rsen K,
Loyning Y. Metaboli c acclimation to cold in man . J Appl
Ph ysiol 1958;12:1-8.

64. Baker PT , Daniels F . Relationsh ip between ski nfold
thickness and body cooling for two hours at 15°C. J
Appl Ph ysiol 1956;8:409-16.

65 . Daniels F, Baker PT. Relat ionship between bod y fat and
shivering in air at 15°C . J Appl Ph ysioI1 961;16:421-5.

66 . Budd GM, Hendrie AL , Jeffery SE . E ffects of fitness ,
fat ness, a nd age on human resp on ses to heat and cold.
In : Ilmar inen R, Pasche A, ed . 3rd intern ational con­
ference on environmental ergonomics: Proceedings. Hel­
sinki: Secretariat 3rd International Conference on En­
vironmental Ergonomics, 198:S:23 . (Ab str act).

67. Andersen KL, Wilson O. A fiel'tt' study of physiological
adju stment to increased muscularsactivity with and with­
ou t cold exposure. Lund: Gleerup, 1966. (Act a Univer­
sitatis Lundensis Sectio II, nes 11-20; Medica,
math emat ica , scientiae rerum nat uraliurn 1966.)

68. Lugg DJ, Rivolier J . Th e internatio na l biomedical ex­
pediti on to the Antarctic (IBEA) . In : Harvald B, Hart
Han sen JP , cd. Circumpolar health 81. Oulu (Finland):
Nor dic Co uncil fo r Arctic Med ical Research, 1982:
620- 2.

69. Horvath SM. Man and cold str ess. In : Itoh S, Ogata
K, Yoshimura H, ed . Ad van ces in climatic physiology.
New York, NY: Springer, 1972:172-7.

70. Boutelier C, Bougue s L, Timbal J . Technique rapide
d 'acclimatement de I'homme au froid . Med Aeronaut
Spat Med Subaquat Hyperbare 1977;16 :172-6.

71. Young AJ, Muza SR , Sawka MN , Gonzalez RR , Pan­
dolf KB. Human th ermoregulatory respon ses to cold air
are alt ered by repeated cold wat er immersio n. J Appl
Phy siol 1986;60:1542-8.




