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CHAPTER I. OVERVIEW



A. ABSTRACT

Humans employ a range of thermoregulatory responses to maintain

body temperatu¡e homeostasis when exposed to thermal stress. I¡ some

cases, other environmental stresses such as atypical inspired gas composition

may be experienced in conjunction with thermal stress. For example,

hypoxia (low 02 tension) may result from altitude exposure or certain

disease states and divers may experience periods of hypercapnia (righ CO2

tension) due to inadequate Cozremoval, Hypoxia and hypercapnia are both

known to alter the basic thermoregulatory responses of laboratory animals.

In cold-exposed animals, hypoxia increases core temperature (Tçe) cooling

rate and suppresses shivering and non-shivering thermogenesis. Similarly,
inhalation of 3-10 7o CO2 impairs thermal homeostasis in animals by

attenuating shivering and promoting heat loss through peripheral

vasodilation. Experimental results with humans are equivocal.

Consequently, two studies were conducted to determine the effects of
eucapnic hypoxia and hypercapnia on warm and cold thermoregulatory

responses and Tçe cooling during mild cold stress. For each study, we

examined the sweating , vasoconstriction and shivering responses as well as

Tç6 (esophageal) cooling rates, of eight subjects immersed in 2goC water.

subjects exercised on an underwater cycle to elevate Tçs past the sweating

threshold and then cooled until shivering was manifest. For the eucapnic

hypoxia trial, subjects inspired L2Vo OzJbalance N2 with added COz to

produce eucapnia. For the hypercapnia trial, subjects inspired 4Za

CO2J20.9Vo O2lbalance N2 throughout the cooling period. The control
inspirate was room air. Eucapnic hypoxia lowe¡ed the Tco th¡esholds for
vasoconstricrion and shivering by approximately 0.I4"C and 0.19.C,



respectively and increased Tse cooling rate by 33Vo. Hypercapnia also

increased Tçs cooling rateby -257o and lowered the mean Tçe shivering

th¡eshold by approximately 0.13"c. These results demonstrate that both

eucapnic hypoxia and hypercapnia affect the basic thermoregulatory

processes of humans and may contribute to the etiology of hypothermia by

accelerating core cooling.

B. INTRODUCTION

Earþ models of human thermoregulation state that core temperature

(Tco) is maintained at a set-point by the counteracting processes of heat loss

and gain (2). Thus, an upward deflection of Tçq from the set-point would

result in heat dissipation through peripheral vasodilation and sweating, and a

drop in Tçs below this point would result in decreased heat dissipation

through vasoconstriction and increased heat production via shivering and

nonshivering thermogenesis (NST). Recenrly, Mekjavic et al. (32)have

supplied convincing evidence that there is a difference on the orderof0.5"c
between the set-points for sweating and shivering. This suggests that human

core temperafure is regulated about a "null zone" of temperatures rather than

precisely controlled at a single, specific set-point.

Other groups ofresearchers using the procedure developed by

Mekjavic et al. (32) and orher protocols have begun examining the effects of
various perh.rrbations including anesrhetics (34,43), alcohol (27) and blood
glucose status (35) on the Ts6 response th¡esholds for sweating,

vasoconstriction and shivering. The protocol that was used by Mekjavic er

al. (32) and that will be employed in this study, uses exercise in 2goc water
to elevate Tçs past the sweating th¡eshoid foliowed by a rest period during

which rco falls below the shivering threshold. This type of protocol allows



determination of the thresholds for sweating, vasoconstriction and shivering

while maintaining skin temperature constant. There has not been any

examination of the effects of hypoxia or hypercapnia on these

thermoregulatory thresholds.

At altitude, decreased inspired p62 resurts in arteriar hypoxemia. It is
well known that hypoxemia alters the basic thermoregulatory responses to

cold challenge. In animals, hypoxemia delays the onset of shivering (4),

decreases the maximal shiverìng response (16, 17,21) and inhibits NST
(16)' Hypoxemia is also associated with an increased rate of rsq cooring in
conscious cats (17). In humans, hypoxemia elicits peripheral vasodilation
(with consequent increases in skin temperature and surface heat loss) and

inhibits heat production (1 1, 37). The effecrs of hypoxemia on rotal hear

balance are not so clear. core temperature has been reported to either
remain constant (5) or decrease (II,37) during hypoxic cold exposure.

Hypercapnia may also affect basic thermoregulatory responses. Early
animal studies have shown that inhalation of gas mixtures containing 3 to
Ljvo Coz during cold exposure impairs themal homeostasis by attenuating

shivering and promoting heat loss through peripheral vasodilation (45). The
effects of hypercapnia in humans under similar conditions are less clear.
Inhalation of 2.5 to 47o co2 mixtures has been reported to transiently
suppress shivering without affecting Tss cooling rate (g), to increase cooling
rate without affecting shivering by impairing NST (4S) or to have no

significant effect on either shivering or core cooling (30).

There are several limitations to previous work on the effects of
hypoxia and hypercapnia on human thermoregulation. In addition to
inconsistent results during cold stress, littte is known about the

thermoregulatory effects of inspiring these gas mixtures during heat



challenge. Also, the effects of hypoxia and hypercapnia on wann and cord

response thresholds are unknown. Finally, the hypoxic stimulus has not
been isolated from rhar of arterial hypocapnia subsequent to hypoxic

hyperventilation in human subjects.

STATEMENT OF T}IE PURPOSE

To determine the effects of eucapnic hypoxia and hypercapnia on Tçe
thresholds for warm and cold thermoregulatory responses as well as Tçe

cooling rates during mild cold stress.

IMPORTANCE OF TIIE STUDY

This study is important on two accounts. First, it will provide

independent validation of the methods used by Mekjavic et al. (32) and
thereby provide further evidence in the set-point vs. nul zone debate. To
date, no other laboratory has replicated these methods to test their validity.
second, this study will help to further elucidate the effects of both eucapnic

hypoxia and hypercapnia on human thermoregulation. Specifically, the

effect of these gases under conditions of heat stress or mild cold stress at a

constant skin temperature have never been examined. Since skin

temperature provides a powerful input to the hypothalamic centers, it must
be controlled.

HYPOTHESES

Eucapnic Hypoxia

It is expected that eucapnic hypoxia will promote peripheral

vasodilation and delay shivering, thereby depressing the Tçs th¡esholds for



vasoconstriction and shivering. The depression in these cold response

th¡esholds with hypoxia may increase Tss cooling rates. The effect of
hypoxia on the sweating threshold cannot be predicted although the

vasodilation expected with hypoxia may increase the sweating response.

These effects may be small, since end-tidal co2 revels will be normalized.

Hypercapnia

Inspiring a hypercapnic gas mixture should delay the onset of
shivering. This may cause an increase in the Tçs cooling rate. The effect of
hypercapnia on the Ts6 th¡eshold for vasoconst¡iction, sweating response

and null zone size cannot be predicted.

ASSUMPTIONS

The most important assumption is that the "null zone', is a real
physiological phenomenon and not simply a product of the experimental

protocol developed by Mekjavic et al. (32). This assumprion seems

justified, since other researchers (8, 42) using different protocols have also

demonstrated a range of core temperatures between the thresholds for
sweating and shivering. A second assumption is that using exercise to
increase Tss will not change the pattem of thermoregulatory responses to

cold stress or alter the effect ofthe different gases on these responses.

Although Tçs ma/ be elevated for a period of time following exercise, there

is no research suggesting fundamental changes in temperature regulation
following a 25 minute exercise bout. The changes in thermoregulatory

control mechanisms due to exercise are expected to be slight. since exercise

is part of all experimental trials, comparisons between trials will still provide
valuable information. Third, it is assumed that changes in fingertip blood
flow accurateiy reflect the pattem of whole body peripheral blood flow.



Finally, it must be assumed that the subjects will not confound the results by

indulging in prohibited behaviour (e.g., smoking, drinking alcohol) before

their triais or changing their eating or sleeping pattems drastically from one

study day to the next.

DELIMITATIONS & LIMITATIONS

1) Only healthy volunreers befween the ages of 18 and 40 will be

invited to participate in this srudy. This may limit the generalizability of the

results to this specific group.

2) Exercise will be used as a warming procedure, since no other non_

invasive method exists of elevating core temperature while keeping skin

temperature constant. Exercise may change the thermoregulatory control

mechanisms, although this effect, if any, should be slight.

3) Core cooling will be achieved by application of a mild cold srress

(immersion in 28"C water).

4) Arterial hypoxemia will be achieved by inhatation of 1.2Vo 02
balance N2. This was chosen as the lowest oxygen fraction that would allow

completion of the exercise without compromising the oxygen saturation and

therefore, health of the volunteers.

5) End-tidal CO2 will be maintained during hypoxia by addition of
COZ to the inspirate, creating a eucapnic condition.

5) The hypercapnic gas mixture will be 4Vo COZ,209Vo OZbalance

N2.

6) Esophageal temperatu¡e will be used as an indicator of Tçs.

DEFINTIION OFTERMS



1) The core temperature response threshord is the core temperature

at which a given thermoregulatory ftreat dissipating or conserving)

mechanism is initiated.

2) The thermoregulatory null zone (32) is the range of Tse between

the thresholds for sweating and shivering.

3) The interthreshold range is the range of Tçe between the

th¡esholds for sweating and vasoconstriction. Sessler (42)has suggested that
this represents the range of rçe over which no active thermoregulation

occurs. However, active thermoregulation does occur in this zone, which

truly represents a range of temperatures within which thermoregulation is

limited to responses of the peripheral vasculature.

4) Hypoxia is the condition in which the oxygen supply to rhe rissues

is below physiological levels .

5) Eucapnia is the condition in which the carbon dioxide tension of
the blood is normal.

6) Hypercapnia is the condition in which the carbon dioxide rension

of the blood is above normal.

7) Nonshivering thermogenesis is the metaboric production of heat

without mecha¡rical work via brown fat oxidation (42).



C. REVIEW OF RELATED LITERATURE

INTRODUCTION

This ¡eview is intended to serve two purposes, First, the evolution of
the current model of thermoregulatory control will be briefly discussed.

Next, the effects of hypoxia and hypercapnia on thermoregulation in both

experimental animals and humans exposed to thermal stress will be

examined in detail.

SET POINT OR NULL ZONE?

Much debate has existed for decades regarding the best model of the

thermostatic control of rçs in mammals. Two general models have been

proposed: the set-point model and the null zone model.

Basically, the set-point model assumes that Tçs is regulated around a

hypothalamic set-point (2). when Tçe increases above the set-point, heat

dissipating mechanisms are invoked to reduce Tçs, maintaining thermal

homeostasis. Thus, even a small increase in central temperature from the

set-point would produce a e''or signal in the hypothalamus and result in
peripheral vasodilation and sweating. A drop in Tçq below the set-point

would result in dec¡eased heat dissipation through vasoconstriction and

behavioural mechanisms and increased heat production via shivering (or

non-shivering thermogenesis in small mammals and neonates). Evidence for
the set-point hypothesis has come from experiments on both experimental

animals (26) nd humans (10). cabanac and Massonet (9) warmed their
subjects in a 40'c bath and transferred them to 2goc water for cooling. Tçe

response th¡eshold were determined during both warming and cooling
protocols. With this protocol, the th¡eshold for shivering occu'ed at a
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slightly higher Tç6 than the sweating threshold, although this overlap was

insignificant (-0.05'C). Benzinger (2) also used the term set_point to

describe his observations of human sweating and shivering responses at

various skin temperatures. His results indicated, however, that there was a
range of Tçe between the threshotds for sweating and shivering (33). One ot
the fundamental problems with these human studies was the large difference

in skin temperafure between the warming and cooling protocols. Since

cutaneous information is one of the major inputs to the hypothalamic

integrating center, it is possible that these results were skewed by the

inconstant skin temperature.

Other experimental work seems to indicate the existence of a
core temperatures devoid of active thermoregulation, or a null zone.

experiments often examined the responses to either high or low
environmental temperatures but not to both. sweating responses were

analyzed by increasing Tse via exercise or application of exogenous heat

(e.9., warm bath immersion). Shivering control was observed by increasing

heat loss with exposures to cold air or cold water. when experimental

observations of warm and cold thermoregulatory responses, as measured in
different protocols, were plotted together versus Tçs, they included a dead

band' This dead band was considered to represent a "neutral thermal zone"

or a range of core temperatures in which active thermoregulation was absent

(10).

Recent studies have convincingly demonstrated a thermoregulatory

null zone in human subjects. Mekjavic and Bligh (33), attempted to

replicate the findings of cabanac and Massonet (10) by warming subjects in
a 40"c trath and cooling them in 28oc water. In direct contrast to the earlier
sn:dy, they found a considerable range of core temperafures (-0.6 "C)

range of

Early
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between the sweating and shivering thresholds. Although these authors were

unable to induce shivering thermogenesis during cooling, Tçq fell

significantly below the threshold for sweating, indicating that a null zone

must exist between the sweating and shivering th¡esholds. This null zone

was also evident when exercise, instead of warm water immersion, was used

as a method to elevate Tse. The thresholds for sweating and shivering as

determined by the two warming protocols were similar. when warm water
imme¡sion was used to elevate Tçq, a hysteresis or difference of -0.3oc was

observed between sweating onset and offset during cooling. cabanac and

Massonet (10) reported a hysteresis in sweating of only 0.06.c with warm

water immersion. Exercise produced less hysteresis in sweating onset and

offset than warm water immersion and allowed for maintenance of a more

const¿nt skin temperature during warming and cooling (33). Therefore, in a
follow-up study from the same laboratory, underwater exercise (2g.c H2o)
was used to elevate Tçe while maintaining skin temperarure constant (32).

under these conditions a thermoregulatory null zone of approximately

0.5"c was clearly and convincingly demonstrated. other laboratories have

also demonstrated a null zone of similar magnitude using this protocol (27)

and others that maintain skin temperature and alter Tçe by intravenous

infusion ofcold saline (43).

In summary, carefully controlled and elegantly designed studies have

recently provided powerful evidence that the null zone model provides a

more accufate description of human thermoregulation than the set-point

model. The term null zone does not imply that no thermoregulation occurs

in this zone. Rather, this zone represents the range of temperatures in which
Tç6 is defended exciusively by autonomic responses ofthe peripheral

vasculature. To clarify this point, Sessler (42) has coined the term
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interth¡eshold range. The interth¡eshold range is the range of rçe befween

the th¡esholds for sweating and vasoconstriction and represents the zone

where active thermoregulatory processes are truly absent.

Protocols such as the one developed by Mekjavic et at. (32) should
prove very useful for examining the effects of environment¿l perfurbations

on thermoregulatory processes. By applying warm and cold stress during

the same procedure, information on both warm and cold response th¡eshotds

can be readily determined. For example, the effects of hypoxia or
hypercapnia on the Tçe thresholds for sweating, vasoconstriction and

shivering at consfant skin temperature have not been examined.

EFFECTS OF TIYPOXIA ON TIMRMOREGULATORY RESPONSES

The interactions between hypoxia and temperature regulation have

been studied frequently in the last sixry years. Most research has focused on
the impact of hypoxia on the thermoregulatory responses to cold exposure.

This focus in the literature on cold rather than warm sffess stems ftom the

practical implications of sojoum to altitude, where the partial pressure of
oxygen in the air and the ambient temperature are both usually row. The
following section wilt deal first with the effect of hypoxia on

thermoregulatory responses to cold stress, second with the limited data

available on the effect of hypoxia on warïn responses and finally with the
possible mechanisms underlying ttre impact of hypoxia on thermoregulation.

During Cold Exposure

B o dy T e mp erature / H yp othermia

Some of the earliest studies in this Íierd focused mainly on the effect
of hypoxia on the body temperature of man and other animars exposed to
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cold stress. Gellhom and Janus (20) demonstrated that guinea pigs cooled

more rapidly when exposed to reduced barometric pressures. secondarily,

they demonstrated that this thermai impairment was specifically due to

hypoxia and not hypobaria. Guinea pigs became hypothermic just as quickly

with normobaric hypoxia as with hypobaric hypoxia.

Subsequent experiments from the same laboratory in mice, rats and

guinea pigs exposed to low atrnospheric pressures (hypobaric hypoxia) and

high and low temperatures indicated the protective function of hypoxia_

induced hypothermia (19). survival of hypothermic a¡rimals in hypoxia was

high but when the drop in body temperature was prevented by higher

ambient temperatures survival was greatly reduced. The greatest drop in
Tçs was observed in the animals with the largest surface area:mass ratio,

indicating perhaps that the effect of hypoxia was to increase heat loss from
the body's surface. The protective nature of lowered body temperatures with
hypoxia was also acknowledged by Kottke et at. (29) who observed a

lowering of body temperature in mice, dogs and man with hypoxia. The

mice showed the largest alteration in temperature control, becoming
essentially poikil0thermic when hypoxic. In these mice, Tse was on average

less than loc above air temperature for ambient temperatures ranging from 4
to 24 oc. Body temperature fell on average 1.3'c in dogs and about 1oc in
humans exposed to 6Vo and I\Vo 02, respectively.

Similar, more recent observations in pigeons (22, l),rats (21, 15), cats

(17, 16) and humans (5, ll, 37) have led ro general acceprance thar hypoxia
impairs the thermoregulatory response to cord stress. The rowering of rç6
by hypoxia may be the ¡esulr of impaired thermogenesis (shivering or non_

shivering) or enhanced heat ross (vasodiiation) or a combination of both of
these facto¡s. Evidence for each will be examined in tum.
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Heat Production

Shivering

Kottke et al. (29) showed thar shivering was inhibited by hypoxia in
mice, dogs and man. At an atrnospheric pressure of <250mm Hg, mice

became essentially poikilothermic and showed no evidence of shivering or

voluntary muscular activity. In both dogs and men, shivering was abolished

or greatly inhibited by inhalation of I\Vo 02 øndwas reestablished

immediately upon reintroduction of room air. Tçe also rose as shivering and

oxygen consumption attained normoxic levels (29).

The lowered oxygen consumption with hypoxia in dogs and man

could have resulted from a reduction in overall metabolic rate as well as an

inhibition of shivering. Later work with non-shivering, anesthetized or
decerebrate cats at a controlled Tss showed that mild hypoxia (<137o Cl2)

does not affect basal metabolic rate until3-5vo 02 is reached, apparently

refuting notions of overall metabolic suppression with mild hypoxia (24). In
shivering cats, shivering was markedly reduced only below l2vo ozand was

entirely absent at oxygen tensions <6Zo .

The most elegant and convincing series of studies have been

performed recently on cats and rats by Gautier and his colleagues. In the

first of these, chronically instrumented cats were exposed to levels of
hypoxia from 11 to rTvo 02 el.). Shivering acriviry was reliably monitored

using both neck muscle EMG and the vibration of a flexible plaform
supporting the animal. Hypoxia produced a progressive dec¡ease in
shivering activity during cold exposure. This hypoxia_induced shivering
suppression resulted in a drop in Tco.
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Longer duration hypoxic cold exposure showed that hypoxia initially
reduced shivering and Tçe but that shivering resumed at a lower Tss

although not as vigorously as in controls (70vo). Atthis point of shivering

resumption, Ts6 had fallen -0.2oC from baseline. The authors suggested

that this indicates the achievement of a "new quasi-steady state at a lower

body temperature" (17). Viewed from the perspective of the null-zone

model, this resumption of shivering at a lower Tçs may also suggest a

lowering of the Tçq threshold for shivering thermogenesis by hypoxia.

In a follow-up study, Gautier et al. (16) showed, again in conscious

cats, that hypoxia depresses shivering metabolism in the cold. Shivering

index was linearly related to v92 under all thermal and gaseous conditions

and hypoxia reduced Vg2 and Vcg2 at thermoneutralityby -20Vo,

suggesting a hypoxic suppression of overall metabolism independent of
hypoxic suppression of thermogenesis.

The effects of hypoxia on Vg2, shivering and non-shivering

thermogenesis in normal and cold-acclimatized rats have also been

examined in the same laboratory (15). shivering was evaluated using hind-

limb EMG as an index. As shown for cats and other species, hypoxia

resulted in an immediate, marked reduction in shivering and V92. As

demonstrated in cats, a gradual recovery in v62 and shivering was observed

so that after 35-45 minutes of hypoxia, the shivering averaged 9g + 5vo of
control. Again, this could indicate a resetting of the threshold for shivering
thermogenesis to a lower Tçe. When the rats were exposed to stepwise

decreases in the temperature of a water bath, the ambient temperature

th¡eshold for shivering was similar in normoxia and hypoxia. However, rats

cooied more quickly with hypoxia and thus the Tco th¡eshold for shivering

had dec¡eased by -1'C.
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The thermoregulatory system of birds, like that of mammals, is
sensitive to hypoxia. At I\Vo 02, shivering is markedly reduced and
somerimes inhibited in pigeons, whereas atTVo O2shivering is eliminated
Q2)' T.'e FIo2 that begins ro inhibit thermogenesis appears to be rower in
birds than in mammals, perhaps because of the better ability of the bird to
increase intrapulmonary gas and blood 02 convective transports when
exposed ro hypoxia (l).

In contrast to the bulk of evidence for hypoxic shivering depression, a
few studies have suggested that hypoxia does not alter shivering
thermogenesis. In one study of dogs, hypoxia (I2Vo OZ)immediately
reduced the cold-induced increase in oxygen consumption by abolishing
shivering (5)' This effect was transient, however, since shivering resumed in
about 20 minutes. The transient nature of the shivering suppression again
suggests a reduction in the Tçe th¡eshord for shivèring, since Ts6 continued
to fall during the period of suppressed shivering. Because shivering ¡esumed
yet v62 remained -25voberow normoxic revels, these authors concruded
that nonshivering thermogenesis (NSÐ may have been selectively abolished
by hypoxia' This concrusion is suspect for two reasons. First, NST is
thought to be insignificant, if not absent in larger, adult mammars. second,
the quantifìcation of shivering in this study was unreliably based on a
subjective rating of visible shivering intensity according to a simplistic 4
point scale.

A similar rationale and the same method of quantifying shivering led
these investigators to sim'ar conclusions regarding the effects of hypoxia on
human thermoregulation (5). Oxygen consumption was ¡educed at altirude,
but visual shivering was not, leading to the assumption that hypoxia
preferentially impairs non-shivering thermogenesis. This conclusion is
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suspect because NST in adult humans is thought to be minimal. For hypoxic

reduction of NST to explain these results, NST must have a) accounted for

2l%o of total body metabolism and b) be totally abolished by moderate

hypoxia. One other study has also suggested that hypoxia does not suppress

shivering but rather impairs NST in humans (37). h this study, shivering

was apparently increased by hypoxia although the choice ofthe

stemocleidomastoid muscle for EMG recording may have biased this result

due to the background hypoxic hyperventilation. The authors suggest, using

similar logic to Blatteis and Lutherer (5), ttrat a decrease in Voz despite

increased shivering indicated a specific reduction in the NST component of

thermogenesis by inhibition of the aerobic catabolism of fat stores. A major

flaw in this srudy is that the time of shivering onset is not reported. Instead,

the mean EMG value for the entire cooling period is given. It is possible

that in humans, as has been reported for dogs (5) and rats (15), hypoxia only

transiently suppresses shivering. If the shivering under hypoxic conditions

recovered with time to a level higher than for normoxia, the average EMG

index may appear to indicate greater shivering throughout hypoxia, although

a temporary hypoxic suppression of shivering actually was present.

N o n- s hiv erin g T hermo g ene sis

The contribution of NST to maintenance of body temperafure in small

and infant mammals is well-established and accepted (12). It has been

demonstrated that hypoxia induces hypothermia in newbom rabbits (3) and

other small mammals (15,25) by inhibiting NST. Gautier et al. (15) showed

in the rat that hypoxia suppressed both shivering and NST. As rats

acclimatized to a cold environment and became mo¡e reliant on NST as a

thermogenic mechanism, the hypoxic depression of NST became more
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evident. In nonshive¡ing cats, however, hypoxia had no effect on met¿bolic

rate as indicared by V62 (24). This suggests a species difference with

respect to the importance NST as a thermogenic mechanism and hence the

effect of hypoxia on the non-shivering thermogenic responses to the cold.

More controversial, however, is the effect of hypoxia on NST in larger

adult mammals including humans. In th¡ee studies that suggest that NST is

preferentially suppressed by hypoxia in dogs (4) and humans (5, 37), the

evidence is indirect and circumstantial. Since overall metabolism, as

measured by VOz, was depressed while shivering thermogenesis was

reported as constant or increased, by elimination it was assumed that the

decrease in metabolism represented suppression of NST. As discussed

above, there are several reasons to doubt this hypothesis. It may be possible,

for example, that there were enors in shivering measurcment or that hypoxia

decreases tissue metabolism in general due to a reduced supply of oxygen to

the tissues.

Blood Flow

In addition to impairing thermogenesis, hypoxia also seems to

enhance heat loss to the environment by altering the normal vasoconstriction

response to cold exposure. Gellhom (19) observed in a multi-species study

that the greatest drop in Tse occurred in animals with the largest surface

area:mass ratio, indicating perhaps that hypoxia increased heat loss from the

body's surface. Although this author failed to speculate on the mechanism

for this enhanced surface heat loss, it is conceivable that peripheral

vasodilation with hypoxia could explain his observations. Humans also may

have markedly elevated skin temperafures when exposed to cold and

breathing a hypoxic gas mixrure (29). Kottke et al. (29) also cited



T9

unpublished data showing increased lower leg peripheral blood flow, as
measu¡ed by plethysmography, with hypoxia.

Despite the development of plethysmographic techniques for
measuring limb b100d flow in the lg40's, later researchers continued to infe¡
the effects of hypoxia on peripheral blood flow from changes in skin
temperature (Tsþ. For example, Cipriano and Goldman (l l) observed that
the Tsk of human volunteers exposed to cool air was -2"c higher at an
altitude of 5000m than at sea rever. Arso, surface temperatue showed a
graded response with the Tslç's at 2500mbeing consistentry betrveen those at
5000m and sea level. This suggested that hypoxia accelerated heat ross
increasing the temperature gradient befween the body surface and the
envi¡onment by increasing skin blood flow.

In a similar study of humans at altitude, Tstç stabilized at higher values
at altitude, probably indicating sustained cutÍuteous vasodilation or
inhibited/derayed vasoconstriction (5). In this study, however, the authors
conclude that the difference in T5¡ may have been due to the effect of
lowered barometric pressure on convective heat exchange rather than an
increase in peripheral btood flow.

Studies of blood flow during hypoxia under thermoneuhal conditions
rather than during cord exposure have generaly contradicted these findings
in humans. In one study, hand blood flow, as measured by volume
plethysmography, showed a marked reduction at altitude in both residenrs
and sojourners (13). This suggests that altirude exposure produces a
vasoconstriction that effectivery redistributes blood volume from the
extremiries to the intemar organs' Hypoxia induced by inhalation of low
oxygen gas mixtures arso results in peripheral vasoconstriction although this
effect is prevenred if hypoxic hypocapnia is prevented (4g). simitar resurts
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have been obt¿ined in rabbits and dogs (47). Clearly more direct

measurements of blood flow in humans exposed simultaneously to cold and

hypoxia are required.

The Effict of Símultaneous Hypocapnìn

Several studies of the effects of hypoxia on thermoregulation have

attempted to separate the effect of hypoxiaper s¿ from that of hypocapnia

subsequent to hypoxic hyperventilation. In general, it appears as if the

inhibitory effects of hypoxia are very dependent on hypocapnia. In studies

of conscious cats, Gautier et al. (16, 17) assessed the effects of hypocapnia

by normalizing end+idal CO2 levels during inhalation of l2To 02. Hypoxia

produced a decrease in shivering activiry and this suppression was reversed

when end-tidal co2 was normalized. shivering was again suppressed when

CO2 addition was withdrawn. Apparently, the effect of ambient hypoxia

required hypocapnia. In pigeons, TVohypocapntc hypoxia eliminated

shivering (1). During normocapnic hypoxia, however, shivering persisted at

-50vo of the normoxic intensity. The persistence of shivering appeared to
result from the maintenance of higher levels of arterial poz and co2 content

with normocapnia. Tçq dropped with both normocapnia and hypocapnia,

although the decrease with normocapnic hypoxia was slightly less (0.04 vs.

0.09 "c).
co2may lessen the depressive effect of hypoxia on thermoregulation

by elevating PCO2 levels in the blood. Elevated pCO2 may increase

cerebral blood flow, increasing the abiliry of the central neural structures to
process and deliver thermoregulatory information (17). Conversely,

hypocapnia may reduce the oxygen available ro the rissues by inducing a

left-shift in the oxyhemoglobin dissociation curve (Haldane effect).
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During Heat Stress

As mentioned previously, rittre research has been conducted on the

effect of hypoxia on the responses to elevated ambient or core temperatures.

some data exists, however, suggesting that hypoxia changes the normal heat

dissipating responses of panting, sweating and vasodilation.

, PantínglSweating

cats respond to an elevation in Tçs by dissipating heat via increased

respiratory frequency to enhance respiratory heat loss. Bonora and Gautier
(6) have shown that for any given Ts6, respiratory frequency was greater

with hypoxic (hypocapnic) hypoxia than with air. A smafler though similar
shift was observed with eucapnic hypoxia. Hypoxia appeared to facilitate
heat loss by lowering the th¡eshold for thermoreguratory panting (6). This is
consistent with previous observations on cats during cold exposure (17)

which suggested that hypoxia lowers the position of the thermoregulatory

null zone (i.e., lowers both sweating and shivering thresholds).

A hypoxic reduction in heat dissipation might be protective in the

same sense that hypoxia-induced hypothermia may be. That is, the

increased heat loss, resulting from lowered thresholds for sweating and
vasodilation, may lower Tse and increase survival time of hypoxic animals
by reducing metabolic rate and therefore 02 demand according to rhe elg
effect (6).

In humans, the Tsq threshold for sweating has been shown to be

unaffected by altirude and by exrension, hypoxia (2g,3g). Altitude does,

however, decrease the sensitivity of the sweating response by _407o (2g).
The reduced sensitiviry of sweating may be a direct effect of lowe red Oz
tension on the sweat gland, possibly affecting synthesis of transmitter
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substance, thereby reducing synaptic transmission (14). It is possible that

studies of onset of sweating with ch¡onic altirude exposure may be

confounded by the dehydration that accompanies long-term sojoum to

altirude.

Vasodilatíon

The normal vasodilatory response appears to be somewhat impaired

by hypoxia. Humans at altitude display a reduced sensitivity of the skin
vasodilatory response as well as a lowering the Tse th¡eshold for

vasodilation by -0.3'c (28). other srudies have failed to show any effect of
breathing a hypoxic gas mixture on cutaneous blood flow (39). However,

the input to peripheral thermal receptors is different at altitude than when

breathing hypoxic mixtu¡es at sea level due to the different heat transfer

characteristics of air in hypobaric conditions. This may account for the

difference between the responses observed in these sfudies.

Possible Mechanisms for the Action of Hypoxia

In summary, hypoxia appears to impair thermoregulation in general

by altering the thermoregulatory responses to bottr warm and cold challenge.

There are several possible mechanisms underlying this hypoxic alteration in
temperature control including: 1) limitation of 02 suppty to effector

organs,2) disruption of hypothalamic function, 3) activation of peripheral

chemoreceptors and 4) altered sympathetic nervous system activify.

Effector Organs

Shivering depends upon an adequate suppiy of 02 to the

shivering muscles. It is possible rhar a severe reduction in 02 supply to the
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studies on anesthetized dogs have observed that the 02 consumption of
exercising muscle decreases only at arterial 02 tensions below 50 Torc (44).

However, shivering is impaired in cats at revers of hypoxia (r5vo oz) that
produce little change in arterial 02 levels (17). clearly, electromechanical

uncoupling produce by muscular hypoxia cannot explain the shivering

impairment produced in this and other srudies of mild hypoxia. Gautier er
ø1. (17) predict that the lack of 02 supply to shivering muscle may only
begin to contribute to the impairment of shivering when inspired 02 is less

that lIVo in int¿ct animats.

CentrallHypothalamic

one possible explanation for the alteration in thermoregulation with
hypoxia is that hypoxia produces a "coordinated readjusfrnent of
thermoregulatory processes, of which the suppression of shivering is only
one manifestation" (17). Hypoxia might decrease shivering and body

temperature through an alteration or a resetting of hypothalamically_

controlled thermoregulatory processes. This suggestion is consistent with
the hypoxic reducrion in the thresholds for shivering (17) and panting (6). kr
support of this hypothesis, it has been shown that hypoxia induced changes

in the thermosensitiviry of preoptic hypothalamic neurons in anesthetized

rats (46). Specifically, the activity of the warm-sensitive neurons was

increased, perhaps explaining the decrease in the response th¡esholds

observed with hypoxia and predicting a similar reduction in the warm

response th¡esholds. Although far fewer cold sensitive neurons were

examined (7 vs. 45), they appeared to show the same increase in activiry
with hypoxia as their warm-sensitive counterparts.
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It is also possibre that low 02 content does not change the excitation

thresholds within the hypothalamus but rather alters the neural traffic from
intercranial neural structures (24). For example, decreased efferent signals

to shivering muscles could exprain the suppression of shivering. changes in
hypothalamic response th¡esholds, however, better explain the transient

shivering suppression sometimes observed.

P e rip he ral C h e mo rc c e ptor s

A second possible site of action for hypoxia is the peripheral

chemoreceptors. If hypoxia affected the activity of these receptors and their
signal traffic to the thermoregulatory centers, it could alter the pattem of
temperature regulation. To address this possibility, Gautier et at. (17)
exposed conscious cats to hypoxic hypoxia and carbon monoxide (CO)

hypoxia. co exposure and ambient hypoxia reduced shivering in the same

manner' indicating that the action of hypoxia is on structures other than
peripheral chemoreceptors which are little affected by CO.

Altere d Sympathetic Activity

A final possibility is that hypoxia could alter overall sympathetic

activity by inducing a generalized stress response. Human subjects tend to
rate exercise or cold exposure during hypoxia as much more stressful or
unpleasant than during normoxia (2g). The elevations in heart rate and

systolic blood pressure during hypoxia may also be evidence of increased

sympathetic activiry (37). Rowell et at. (3g) examined rhe effecr of arterial
hypoxemia on the sympathetic nervous system and its cont¡ol of warm
responses. Hypoxemia did not block the reflex effects of hyperthermia on
alpha-, beta- adrenergic, cholinergic orpeptidergic effector systems. From
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this study, it appears that acute moderate hypoxemia does not diminish the

effectiveness of neuronal transmission in parts of the autonomic nervous

system that are not activated by hypoxemia alone (38)'

EFFECTS OF HYPERCAPNIA ON THERMOREGULATORY

RESPONSES

The bulk of the experimental literature on hypercapnia' like that for

hypoxia, deals with the effects of high CO2 levels on temperature regulation

duringcoldexposure.Forthisreason'thisreviewwillfocusontheimpact

of hypercapnia on thermogenic and heat conserving mechanisms'

Comparisons between studies in this field are difficult to make due to the

large range of experimenøl models, cooling protocols and degrees of

hypercapnia that have been examined' In generaf it appears that

hypercapnia does have a slight disruptive effect on maintenance of body

temperature and that this effect is more pronounced in smaller mammals

than in man.

During Cold ExPosure

B odY T e mP erature I H YP othermía

Early examinations of body temperatue control under different gas

regimes hinted at a hypottrermic effect of CO2 (20)' Gellhom (19)

examinedtheeffectof3ToCozonTggatvariousbarometricpressuresand

various oxygen tensions in mice, rats and guinea pigs and showed that the

fall in Tçq was greater in the presence of CO2 than in its absence' Most

animal studies have been conducted on rats, rabbits, dogs and cats and all

produce similar results (45).
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The hypothermic response to COZ appears to be dose dependent. In

rats at 24oC ambient temperature, there is a fairly linear relationship between

ttre COZ concenÍation in the inspired air (from 0.03Vo to 20Vo) andthe

hourly decrease in Tco (45). A similar dose dependent hypothermia has

been observed in rabbits (45) and guinea pigs. Guinea pigs, however, appear

less sensitive to mild hypercapnia. During cold exposure, 5Vo COZ produced

no change in Tse but exposure to I57o CO2 produced a fall in Tco (41). The

decreased oxygen consumption during hypercapnic cold exposure indicates

that CO2 may precipitate hypothermia by impairing some component of

thermogenesis.

Studies of human subjects are less conclusive. Some have found an

hypothermic effect of mild hypercapnia regardless of ambient temperature,

despite no evidence of thermogenic impairment (48). Others have observed

attenuation or delay of shivering thermogenesis with hypercapnia but no

alteration in Tçs cooling (30, 31). This discrepancy may be related to the

degree of cold stress accompanying the hypercapnia. The studies showing a

decrease in Tçs have exposed subjects to cold air (5"C), while studies

showing no decrease used cool water (15'C) as a cold stress (30, 31). It is

possible that the high cooling rate in the water Q2oClhr) masked the slight

effects of hypercapnia on Tss.

Shivering

The most pronounced effect of hypercapnia, if any is observed, is

usually a delay in the onset or an attenuation of shivering. In rats, inhalation

of COZ in concentrations between 3 artd l5Vo clearly suppressed shivering in

cold environments (45). Similar results have been obtained in rabbits (45)

and dogs (23) in which the observed decrease in oxygen consumption has
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been linked to a suppression of the normal shivering response. In guinea

pigs, inhalation of I5Vo CO2 delayed the onset of shivering and suppressed

shivering (41). h these experiments, some recovery in muscle activity was

observed near the end of the t hour cold exposure period. The transient

nature of shivering suppression has also been observed in rats breathing 47o

COZ (18), and may indicate a downward shift in the Tco th¡eshold for

shivering with hypercapnia.

The effects of acute hypercapnia are reve¡sed with ch¡onic (3 day)

exposure to high CO2 levels in guinea pigs (41). These findings are

consistent with those in dogs, in which 5Vo COZ decreased the hypothalamic

set-point for shivering (36). That 5Vo COZ was adequate to impair

thermoregulation in dogs, whereas líVo COZ was required for impairment in

guinea pigs suggests a species difference in the sensitivity of the

thermoregulatory system to hypercapnia.

The effect of hypercapnia on the shivering response in humans is less

clear. Bulla¡d and Crise (8) exposed subjects to an ambient temperature of

5oC while they inspired gas mixtures ranging from2.5-6Vo CO2. They

observed a dose-dependent suppression of shivering. At6Eo CO2, shivering

was eliminated in half the subjects and greatly reduced in the others. Upon

reintroduction of room air, vigorous shivering immediately resumed. When

inhalation of 6Vo COZ was continued, a rebound or breakthrough of

shivering was observed after -75 minutes. These observations suggest that

CO2 lowers the hypothalamic shivering th¡esho1d. As Tçe dropped during

the 15 minutes of shivering suppression, the total thermal drives to the

hypothalamus were increased so that the thermostat could be activated at its

depressed setting. These ¡esults suggest that CO2 depressed shivering by

lowering the shivering threshold.
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In conrrast, Wagner et at. (4g) found that i¡halation of 4Vo COz
neither delayed the onset of shivering in response to cold nor reduced

shivering once it began in humans exposed to 5oc air. In fact, the authors

suggested a sright increase in shivering in the later stages ofhypercapnic
cooling. The rate of Tçs cooling was enhanced by breathing 4Vo CO2, a fact
difficult to explain when thermogenesis and cutaneous heat loss were

unaffected. The small effect of increased respiratory heat loss would rikery
be compensated by the increased metabolic work associated witrr

hyperventilation. By elimination, the authors impricate the increased

convective heat loss due to hyperventilatory thoracic movements. It is more
likely that the method used ro quantify shivering was insensirive to the slight
changes occurring with hypercapnia. shivering tremor was measured using
an accelerometer attached to the chai¡ in which the subjects sat. The
increased thoracic movements due to hyperventilation may have been picked
up by the accelerometer, masking the decrease in shivering that may have

occurred with hypercapnia,

Lun et al. (30) also failed to show an effect of 4Vo CO2 on shivering

of men immersed in 15.C water using EMG as an index of shivering.
However, when subjects were cooled to a given core temperature (36,5 "C)
and then switched to the hypercapnic gas mixture, the normal inc¡ease in
shivering activity with decreasing Tss was markedly attenuated in under 1

minute (31). This effect was transient, with normoxic-levels of shivering
retuming in several minutes, Since the rate of core cooling remained

constant during the hypercapnic period, the attenuation of shivering was not
of large enough magnirude or duration to affect thermar barance.
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Blood Flow

It was suggested as early as 1935 that hypercapnia had a vasodilatory
effect on peripheral blood vessers during cold exposure (for review see (45)).
Most experiments provide no evidence of this. In humans, measurements of
skin temperatu¡es have been used to indicate peripherar brood flow changes
and have shown no effect of inhal ation of 4Vo COZ e0, 4g) or 6Vo COZ (g)

on vessel tone in 15oc water or 5oc air. when measured in humans, skin
heat flux (30) and forearm blood flow (4g) have also been unchanged by
hypercapnia during cold expostue. No studies have examined peripheral

blood flow responses to hypercapnia under mild cold stress or at

thermoneutrality

Although from these results it appears unlikely that hypercapnia
affects periphe¡al vesser tone, it is possible that the degree of cold stress in
these studies masked a small vasodilatory effect of CO2. Studies of
hypercapnic vessel tone during mild cold stress may clarify this issue.

During Heat Stress

Very few studies have examined the effects of hypercapnia on
thermoregulation during heat stress. This likely stems from practical
considerations. The conditions under which humans may be exposed to
elevated levels of CO2, during diving for example, are also situations in
which hypothermia not hyperthermia is the main th¡eat to performance and
survival. However, some limited data is available on the panting and
sweating responses during hypercapnia.

PantinglSweatíng

Rats kept under hot (43"C) conditions and exposed to high CO2 levels
display impaired thermoregularion (45). Concenhations of CO2 from 3_2gäo
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augment the increase in Tç6 by 2-5oc compared with normocapnia. In dogs,

hypercapnic hyperthermia appears to be corurected with a prevention of the

onset of panting in response to elevated temperatures. Unlike the

hypothermic response, the hyperthermic action of co2 in these animars does

not appeil to be dose dependent (45). That is, the same response was

observed from 3 -28Vo CO2.

In ma¡r, CO2 inhalation also may disrupt the sweating response.

sfupfel (45) reviewed early studies that reported spontaneous sweating onset

when inhaling hypercapnic gas mixtures at neutrar temperatures. This may
be a simple stress response related to the hyperventilation accompanying

hypercapnia or may in fact be due to an alteration of the signals or set-point
of the hypothalamus.

No information is available on the effect of hypercapnia on the

sweating behaviour of humans under heat stress or on thermoregulatory

vasodilation. clearly, more work is required on the effects of various levels
of COZ on the thermoregulatory responses to heat challenge.

Possible Mechanisms for the Action of Hypercapnia

In summary, hypercapnia appears to promote a lowering of body
temperature in certain species under certain cooling protocols. No effect on
peripheral blood flow is usually evident despite an obviously negative heat
balance in these studies. The hypothermic action of CO2 may be due to
increased respiratory heat loss, or changes in the contror ofshivering by the

hypothalamus in response to acidosis or neuroendocrine disruptions.
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Increased Respiratory Heat Loss

In his srudies with animars, Gelrhom (19) iniria[y proposed that the
hypothermic effect of CO2 was due to hyperventilation and an

accompanying increase in respiratory heat loss. This theory has often been

advanced as an explanation for increased heat loss in srudies that observed a
drop in Tçs with no change in shivering or peripheral blood flow. However,
experiments in which animars breathed rTvo cozat normar oxygen tension

showed no changes in body temperatu.re (19). partitional heat balance

calculations have indicated that respiratory heat loss can only account for a
fraction of the difference in cooling rates between normocapnia and

hypercapnia (48).

Acídosís

It is possible that the effects of co2 on thermoregulation result from
the elevated carbonic acid levels in the blood as a result of coz excess. ff
the inhibitory effects of co2 arise as a resulr of a drop in blood and cSF pH,
then adequate buffering of these fluids may explain the absence of inhibitory
effects in some studies (48). Lun et at. (30) suggested that the transient
nâture of shivering suppression observed by Bullard and crise (g) and others
may be the result of the time lag in compensation for the respiratory acidosis
by plasma bicarbonate levels which rise significantly only after some delay
(30). The delay in shivering onset observed by Lun et ar. (3})corresponds
well with the time required for plasma bicarbonate levels to rise
satisfactorily to buffer the acidosis stemming from inhararion of 7-r0vo co2
(7).

Neuroendocríne

Evidence for hypercapnia-induced changes in neuroendocrine ouþut
comes mainly from studies in guinea pigs (41). Specifically, the fall and
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subsequent rise in the threshold for shivering with chronic hypercapnia has
been linked to a corresponding fall and rise in the norepinephrine
concentration within the hypotharamus (40). Injection of norepinephrine
into the hypothalamus also increased Tss and the shivering threshold of
these animals (50).

SUMMARY AND CONCLUSIONS

Hypoxia and hypercapnia influence temperature regulation in most, if
not all, mammals. In general, studies with animals have agreed that both of
these environmental stresses impair the thermoregulatory responses to both
cold and heat stress. The effects of hypoxia appear to be more pronounced
than those of hypercapnia in most species and. oz and co2levels seem to
interact to produce the observed effects of these gases.

The effects of hypoxia on human thermoregulation remain unclear. In
humans, it is difficult to generalize from the results of many, disparate
studies' More work is required using human volunteers, especially during
heat stress, to accurately determine the effects of hypoxia and hypercapnia
on temperature regulation. Basic research may shed some light on the
possible mode of action of these gas mixtures in the thermoregulatory
systems of humans.

To better clarify the effects of eucapnic hypoxia and hypercapnia on
the warm and cold thermoregulatory responses of humans, two studies \¡/ere
conducted. These studies examined the Tçe response thresholds for
thermoregulatory responses in humans exposed to mild cold stress (2g"c
water immersion). In the first study, volunteers inhaled rzvo ozbalance N2
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with end+idal co2 levels maintained at baserine (eucapnia) during the

experimental trial and in the second study rhey inhaled 4vo coz,20.9vo oz
balance N2.
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CHAPTER tr. ITYPOXIA LOWERS COLD
TIIERMOREGT]LATORY RESPONSE THRESHOLDS AND
ACCELERATES COOLING IN }IUMANS
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A. ABSTRACT

Hypoxia, which may resurt at high altitude or during certain disease

states, alters the basic thermoregulatory responses of animals and humans.
In cold-exposed animals, hypoxia increases core temperature (Tse) cooring

rate and suppresses shivering and non-shivering thermogenesis.

Experimental results in humans are equivocal. To determine the effects of
eucapnic hypoxia on warrn and cold thermoregulatory responses and Ts.
cooling during mild cold stress, we examined the sweatìng , vasoconstriction
and shivering responses as wen as Tss cooling rates of eight subjects

immersed in 28'C water. Subjects exercised on an underwater cycle
ergometer to elevate Ts6 past the sweating th¡eshold. They then rested and

cooled until shivering was manifest. The control inspirate was room air.
For the experimental trial, subjects inspired r2vo oThalance N2 with added
co2 to produce eucapnia. Eucapnic hypoxia lowered the Tse thresholds for
vasoconstriction and shivering by approximately 0.14oC and 0.19.C,
respectively and increased Tçe cooling rate by 332o. These results

demonstrate that eucapnic hypoxia enhances the Tse cooling rate in humans

during mild cold stress and that this may be attributed in part to a deray in
the onset of vasoconstriction and shivering.

Key words: sweating, shivering thermogenesis, vasoconstriction, normoxia,
temperature regulation
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B. INTRODUCTION

In humans, arterial hypoxemia may often occur in conjunction with
increased thermal stress or a malfunctioning thermoregulatory system. For
instance, hypoxemia may result from ambient hypoxia in military (i.e., high
altitude flight), recreationar (i.e., mountaineering) or diving (i.e., inadequate

air supply) activities. During these activities, hypoxia is often accompanied

by thermal stress. For exampre, the military flight ensemble may include

flight suits, chemical defense suits, life preservers, parachutes or even dry
suits (in overseas flights). This increased insulation combined with radiant

heating within the aircraft canopy may present a significant heat shess to the

pilot. On the other hand, cold stress almost always accompanies high

altitude mountaineering or diving in cold and/or deep water.

Hypoxemia may also occur in patients with diseases such as primary
hypoventilation or interstitial lung disease. These patients are often elderly
and may already experience thermoregulatory impairment. Hypoxia may
further reduce their capaciry to maintain temperafure homeostasis during
thermal stress. It is therefore important to fully understand the effects of
hypoxia on human thermoregulation during waûn or cold stress.

Hypoxia is thought to disrupt the thermoregulatory processes of both
animals and humans. Experiments on guinea pigs (12), mice, dogs (19), rats
(9) and pigeons (13) have shown that hypoxia resulrs in a rowering of core
temperature (Tçe) during cord exposure in animals. A hypothermic effect of
hypoxia has also been demonstrated in hu¡nans breathing hypoxic gas

mixtures at cool and thermoneutral temperatures (2g) and at altitude in the

cold (7).

The lowering of Tse by hypoxia may be due to impaired

thermogenesis, enhanced heat loss, or both. In laboratory animals, hypoxia
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delays the onset of shiveting (3) and reduces the maximal shivering response

in the cold (9, L3,19). The hypocapnia accompanying hypoxic
hyperventilation appears to contribute to this thermoregulatory impairment

since prevention of hypocapnia reduces the effect of the hypoxia in rats and
cats (10, 11). Hypoxia also inhibits nonshivering rhermogenesis (NST) in
newbom rabbits (2), and small adulr mammals (9, 14).

Human studies have produced equivocar resurts. shivering has been

reported to increase (28), remain constant (4) or decrease (19) during

hypoxic cold exposure. NST may be inhibited by hypoxia atthough the

evidence for this is indirect and circumstantial (4,2g). studies at altitude
have demonstrated elevated skin temperatures, suggesting that heat

conservation by peripheral vasoconstriction may also be reduced by hypoxia
(4, 7). However, more reliable measurements of blood flow in hypoxic
humans are required to confirm these suggestions.

Although few studies have been conducted at high ambient

temperatures, hypoxia also appears to affect the thermoreguratory responses

to heat challenge. In cats, hypoxia shifts the th¡eshold for thermal polypnea
to a lower Tss and this response is reduced when hyperventilatory

hypocapnia is prevented (5). In humans, altitude exposure reduces the
sensitivity (rate of change of response with changing Tse) of the sweating

and vasodilation responses but has no effect on the T6e threshold for
sweating (18,29). The Tç6 th¡eshold for vasodilation is lowered by atrirude

exposure (18) but hypoxia has not been shown to affect cutaneous blood
flow (30).

There are several rimitations to previous work on the effects of
hypoxia on human thermoregulation. In addition to inconsistent results

during cold stress, little is known about the thermoregulatory effects of
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hypoxia during heat cha'enge. The responses to heat and cord stress areoften examined in separate studies rather than during a single procedure.
Also' the effects of hypoxia on warm and cold response th¡eshords areunknown' Finarly, the hypoxic stimulus has not been isolated from that ofarterial hypocapnia subsequent to hypoxic hypewentilation in healthy humansubjects' The purpose of this szudy was to determine the isorated effects ofhypoxia (by maintaining end_tidal COz atthe baseline level) on Ts6

th¡esholds for warm and cold thermoregulatory responses as well as Tçs
cooling rates during mild cold stress. Accordingly, on two separate dayshuman subjects were immersed in 2g'c water and exercised to erevate theirT.s and then cooled passively, allowing determination of T96 cooling rateand the Tco th¡esholds for sweating, vasoconstriction and shivering. on oneday subjects breathed room air (control). On the other day they breathed72Vo Ozlbatance N2 with CO2 titrated to maintai

hypoxia). 
--- --' L¡u'¡,Jr¡ ru r'amtåln eucapnia (eucapnic

C. METHODS

Subjects

With approval from our Faculry Human Ethics Committee, eighthealthy, physically active subjects with no history ofcardiovascula¡ orrespiratory disease (2 female, 6 male) volunteered to participate in this studyafter giving their written. informe.r ^,.rñ.ôñ+ cr_-r .

28. 4 t 6.3ye ars o rd,, . r; i:#:i;,, ï,å:i:î:ï jïî ffi :sum of 4 skinfolds of 51.4 + 17.0 mm (6). Femate subjects were tesredduring the foricurar phase (days 1-9) of their menstruar cycre.

Instrumentation
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Esophageal temperafure was measured using a Mon-a-therm@

esophageal thermocouple (Mallinckrodt, St. Louis, MO) inserted through a

nostril to the level of the heart. This site provides the best noninvasive

representation of core blood temperature (8). Probe insertion depth was

determined from sitting height according to the formula of Mekjavic and

Remple (24). Heart rate was monitored continuously with a DC battery-

operated 431004 DefibrillatorÆCG moniror (Hewlett-Packard) with leads in

a modified Vs anangement.

Sweat rate was measured using a ventilated capsule (-5.0 x 3.5 cm)

placed on the forehead. Anhydrous compressed air was passed through the

capsule over the skin surface. Ai¡ flow was controlled at 1 L.min-l by a

Brooks 5850 Mass Flow Controller @merson Electric, Hadield, pA).

Vapour densiry of the effluent air was determined based on the relative

humidity and temperature of the air as measured by an Omega HX93

Humidiry and Temperarure sensor (Omega Engineering, Stanford, CT) that

was calibrated by placing it above saturated salt solutions. Sweat rate was

the product of the difference in water content between effluent and influent

air and the flow rate, This value was adjusted for the skin surface area under

the capsule to give a value in g.m-2.fu't. Flow meters in the inlet and outlet

tubing of the capsule allowed the detection and correction of any leaks in the

system.

Peripheral vessel tone, as indicated by fingertip blood flow, was

assessed using a Perfusion Index derived from a modified Ohmeda Biox

3700 Pulse Oximeter (Ohmeda, Louisville, CO) with a clamp-type oximerer

probe placed on the fourth digit. Infrared light of 2 wavelengths is emitted

from one side of the probe, passes through the finger tissues and is absorbed

by the detector. The intensity of transmitted signals is proportional to the
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amount of blood between the emitter and detector. Fingertip blood flow is

given by the difference between the maximum (systole) and minimum

(diastole) signals during each cardiac cycle. The pulse oximeter data was

collected on-line and graphically displayed using a portable pc with custom

software supplied by ohmeda. This method of measuring peripheral blood

flow has been validated against absolute blood flow as measured by volume
plethysmography. The rate of blood flow (ml.min-l) can be calculated from

the equation: Log(perfusion) = 0.98.Log(flow) + 0.04, P=O.gg (27).

Oxygen consumption (V6) was determined by an open circuit

method from measurements of expired minute volume and inspired and

mixed expired gas concentrations sampled from a 5L fluted mixing box.

Subjects wore a snugly fitting face mask with a one-way valve that was

co¡nected to the appropriate instrumentation by a suitable length of
comrgated plastic tubing. Air was analyzedby a Beckman OM_ll Oz

sensor @eckman, Anaheim, CA) and a DATEX 254 Airway Gas Monitor

@atex Instrument Corp., Helsinki, Finland) for 02 and COz fraction,

respectively. Gas analyzers were calibrated against gases ofknown
concentration prior to each session. ventilatory rate and volume were

monitored by a pneumotachometer (Hewlett packard 47304A Flow
Transducer).

End+idal COz was derermined with an End-ridll200 CO2analyzer
(Instrumentation Laboratory, Iæxington, MA). Expired gas was sampled

from the mouthpiece at 200 mVmin and retumed to the b¡eathing circuit
proximal to the pnemotachometer. End-tidal co2 was monitored on a chart
recorder and maintained at resting baseline levels by adding co2 to the

inspired gas line as needed.
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Analog data from the thermocoupres and gas analyzers were acquired

using an electrically isolated Macintosh IIci computer (Apple Computer,

Inc., Cupertino, CA) equipped with a NB-MIO-I6L 16-channel analog_

digiøl converter (National Instruments, Austin TX). Data was digirøed,

asynchronously at2Hz, averaged over 5 seconds, and scaled using

appropriate corrections. At 30 second intervals, the results were averaged

for the previous 30 second period, displayed graphically on the computer

screen' and recorded in spreadsheet format on a hard disk. The process was

controlled by a "virnral instrument" written using LabVIEW 2 graphical

signal processing software (National Instruments, Austin TX).

Protocol

Subjects participated in one maximal exercise test and fwo

experimental trials (control and eucapnic hypoxia), each on a separate day.

In each test, the subject sat in a semi-recumbent position on an underwater

cycle ergometer immersed to the clavicles in 2goC water. During the

experimental trials, the subjects exercised (at 50vo of their previously

determined maximum workload) to elevate their Tç6 and initiate sweating.

They then cooled passively, allowing determination of rse cooling rate and

the Ts6 th¡esholds for sweating, vasoconstriction and shivering. The

ergometer consisted of a bicycle frame submersed in a tank of water and

connected with a 1: I gear ratio to a mechanically-braked cycle ergometer

(Monark) supported above the water tank.

M aximal Exercise Trial

Each subject performed a graded exercise test to exhaustion pedaling

at 60 rpm. Wo¡kload starred at 0 kp and was increased 0.75 þ (males) or
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0'5 kp (females) every two minutes until subjects courd no longer maintain a

cadence of 60 rpm. The workload for the exercise period in the

experimental trials was 50vo of themaximum workload achieved during this
session,

Experintental Trials

Each subject then participated in a control and a eucapnic hypoxia
trial. These trials were conducted on separate days in a baranced order.

subjects reported to the raboratory following a minimum four hour fast and
were instructed to abstain from alcohol, caffeine and heavy exercise prior to
the test session. Time of day was standardized for each subject. During the
instrumentation period (-30 minutes) subjects were covered with a cotton
blanket and rested on a chair. subjects remained seated for a 20 minute
period to determine baserine levers for v62 and rse. subjects were then
immersed in 28"c water to the cravicles and sat on the underwater cycle.
They then pedaled at 60 rpm for 25 minutes at 50vo maximum workload. In
all cases, this exercise bout was suffìcient to elevate Tgs past the sweating

th¡eshold and establish a high sweat rare. Immediately following the
exercise period, subjects rested their left forearm on a shelf at water level
and the pulse oximeter probe was attached to the middre finger to monitor
peripheral vessel tone. subjects remained seated on the ergometer in the
circulated water and coored passively until Tss dropped below the th¡eshords

for sweating, vasoconstriction and finany, shivering. Irnmersions were
terminated if shivering was continuous and vigorous or if r.6 fell below
35.5'C.

Throughout the conrrol triar, subjects inspired humidified room air. In
the eucapnic hypoxia trial, subjects inspired humidified gas conøining
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l2VoOyþalance N2 with CO2 added as required to maintain baseline end_

tidal coz levels. subjects inspired the hypoxic gas mixture for the final 5

minutes of exercise and throughout the entire cooling period.

Statistical Analysis

Sweat rate, blood flow and Vg2 responses were plotted versus the

change in Ts6 from the pre-immersion baseline (ÂTco). Response th¡esholds

were determined from these plots by three independent investigators blinded
to trial and Tçe. The sweating th¡eshold was defined as the Tse at which

sweat rate stabilized at the baseline level (-50 g.m-2.hr-l) (reference). The

th¡eshold for vasoconstriction was defined as the Tss at which fingertip

blood flow reached its minimum (reference). The shivering th¡eshold was

indicated by a sustained elevation in Voz above the baseline level (22). This

latter method has been validated in our laboratory against shivering

threshold as determined by the self-report of subjects and increase in EMG
activity (unpublished data). Thresholds are reported as the change in Tqe

from the baseline levels rather than absolute Tco ro adjust for the daily

variability in resting Tço. subjects were required to rest in the lab until their
T.s was stable and a baseline level could be confidently determined.

cooling rate was calculated by regression analysis of core temperature data

from the end of exercise to the onset of shivering. paired t-tests were used to
test for significant differences in the response th¡esholds and the Tçs cooling

rates between the control and eucapnic hypoxia conditions (s=0.05). sweat

rate, Vg2, blood flow (Plavg), heart rate and minute ventilation (Vfl were

compared in the two trials at four times during the cooling period using

paired t-tests. The probability of type I er¡or was set at 5vo and adjusted for
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multiple comparisons over time (Bonferroni). Group data are presented as

mean * SD unless otherwise indicated.

D. RESULTS

C ore Temperatur e Resp ons es

The 25 minute exercise period elevated Tçs by 0.71 + 0.13 "C and

0.77 t03 oC durìng the control and eucapnic hypoxia trials, respectively.
After completion of exercise the mean Tçs cooling rate was 33vo greater

(P<0.05) during hypoxia (1.g3 + 0.72 "c.rtr't) than during conrrol (r.3g t
0.85 "C.hr-l) (Fig. 1).

Vg2, Sweat Rate and Blood Flow

Immediately after the completion of the exercise period, Vg2 was

1367 !319 rnl/min during the confrol trial and 1124+ 320 mr/min during
the eucapnic hypoxia triar. v62 forowed a nearly identicar pattem in bottl
trials, rapidly falling to resting levels and stabilizing at 442 + 7 6 and 44g +

134 mtlmin by 20 min. in the control and eucapnic hypoxia trials
respectively. In both trials, V62 increased slowly with time as core

temperature decreased (Fig. 2).

sweat rate was monitored throughout exercise and during the first 20-
30 minutes of the cooling period. The ventilated capsure was removed as

soon as sweat rate had fallen and stabilized at the baseline level. The
magnitude and patrern of sweating varied widely from subject to subject and
no significant differences existed between the conditions. Immediatery
following exercise, sweat rate was 465 + 191 g.m-2.hrl during trre cont¡or



53

0
U
v, -0.4

-0)F

20 40

Time post-exercise (min)

Figure 1' Group data (n=8) for esophageal temperature during post-exercise
cooling in 28" C water. Data is presented as difference from baseline values.
@ars, SEM; *Rate of cooling greater during eucapnic hypoxia than during
control, P<0.05).
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Figure 2. Mean oxygen uptake (V6) during post-exercise cooling in
control and eucapnic hypoxia trials (n=g).
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trial and 498 ! 164 g.m-2.hr-l during the eucapnic hypoxia trial. Sweat rate
declined at a similar ¡ate and in a similar pattem in the two conditions (Fig.
3).

Perfusion index data is only presented for 15 minutes following
cooling since fingertip brood flow had falen dramatically and stabi]ized at a
low level by this time. when plotted against time, there was no difference in
the maximal fingertip brood flow or the pattem or rate of decrine of blood
flow in the two conditions (Fig. a).

Heart Rate and (V¿)

Hearr rare and (Vfl both tended to be higher during eucapnic hypoxia
than during the contror trial. Heart rate immediately foilowing exercise was
713 + 23 beats'min-l during the control triar and 116 + 25 beats.min-l during
eucapnic hypoxia. In both trials, heart rate fell throughout the cooling
period, reaching 73 + 17 and g7 + 7 beats.min-r by 20 minutes during contror
and hypoxia trials, respectively. After 50 minutes of cooling, the heart rate
was 65 + 13.6 beats.min-t during the control trial and 76 + 3 beats.min_l
during eucapnic hypoxia (Fig. 5). These differences were not significant.

(vg) fo[owed a similar pattem to heart rate. Immediately forlowing
exercise the (Vfl was similar in the 2 conditions but was significantly
diffe¡ent at 15, 30 and 50 minutes post-exercise (p<0.05). After 50 minutes
of cooling, (V6) was ll.gJ 2.3 L.min-t during rhe conrrol trial and 26.0 +
12.7 L.mn-t during eucapnic hypoxia (Fig. 6).
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Figure 5' Mea¡r heart rate during post-exercise cooring in cont¡or and
eucapnic hypoxia trials (n=6).
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Thermor e gul atory R e spo ns e T hres holds

Thermoregulatory response th¡esholds are reported as the change in
core temperature (AT6e) relative to the baseline resting level (22). The
vasoconstriction threshold was decreased by hypoxia in 4 of g subjects and
unchanged in 4. As a result, the mean Tgs th¡eshold for vasoconsfriction and
was significantly reduced by hypoxia from 0.1g + 0.2r ocabove baseline
during conrrol to 0.05 + 0.30 .C above baseline during hypoxia (p<0.05).
Hypoxia lowered the shivering threshord in 7 of g subjects, and significantry
reduced the mean shivering th¡eshord from 0.44 + 0.2g oc berow baserine

during control to 0.62+ 0.25 "C below baseline during eucapnic hypoxia
(P<0.05) (Fig. 7). Hypoxia lowered rhe swearing threshold in 3 subjecrs,

raised the threshold in 1 subject and had no effect on the sweating threshotd
in 4 subjects. Although there was a tendency towards a lower mean
sweating threshold with eucapnic hypoxia, the sweating threshold during
eucapnic hypoxia (0.05 t 0.33 .C above baseline) was nor significantly
different than during control (0.2r t0.lz'c above baseline). As a result of
the parallel shifts in sweating and shivering th¡eshords, the size of the
thermoregulatory null zone defined by Mekjavic et al. (22)was similar
during control (0,64 t 0.22 "C) and eucapnic hypoxia (0.67 t0.20 "C). The
size of the interthreshold range was 0.02 t 0. 19 oC and 0.00 + 0.36 .C

during control and eucapnic hypoxia respectively.

E. DISCUSSION

This is the first study to isolate the effects ofeucapnic hypoxia on core
cooling rates and warm and cold thermoreguratory response thresholds in
humans exposed to a mild cord st¡ess (2goc water). under these conditions,
eucapnic hypoxia increases the rate of core cooling by 33vo. This increased
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cooling may be linked to a delay in the initiation of heat conservation and
production responses, since hypoxia lowered the threshords for both
vasoconstriction and shivering.

The experimenral prorocol, developed by Mekjavic et at. (22) errld,

used in this study, has two considerabre advantages. First, whore body water
immersion effectively clamps skin temperature (Tsp at approximatery water
temperature, removing the possible complication of changing cutaneous

drive to the central thermoreguratory processing areas. This enabred the
determination of the thermoreguratory responses to changes in Tsq alone.

second, exercising and cooring while immersed in water is a safe, non-
invasive method for manipulating T66 without changing T5¡ compared with
other available methods such as intravenous cold sarine infusion (21) or the
use of epidural anesthesia (17) in combination with extemal warming.

our demonstration of a 3370 tncrease in core cooring rate during
eucapnic hypoxia is in agreement with previous work showing Tçs

depression in hypoxic animals and humans e,lI,IZ, lg,2g). In the present
study, Tss after 55 minutes of immersion was significantly lower (^O.3 .C)

during hypoxia than contror (p<0.05). Following 60 minutes of exposure to
15oc air, cipriano and Goldman (7) showed a hypoxic depression in rectar
temperafure (T¡s) of approximately 0.3 .c at an altirude of 2500m and 0.45
'C at 5000m. Robinson and Haymes (2g) also observed a depression in T¡g
of -0'2 oc in humans breathing a r2vo ozmixture for 90 min. at an ambient
air temperature of 9.C.

our data suggest that the increased rate of core cooring may be due to
a downward shift in the Tss threshords for vasoconstriction and shivering.
Although no other studies have specifically examined these response

th¡esholds during eucapnic hypoxia, severar authors have reported a transient
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depression of shivering by hypoxia in rars, cats and dogs (4, 9, 1 1). In
retrospect, these findings may be explained by a hypoxic reduction of the
threshold for shivering, with a resumption of shivering once Ts6 decreased

to the new lower th¡eshord temperature. The vasoconstriction response to
cold exposure has also been reported to be blunted by hypoxia in humans,
although the evidence for this is indi¡ect. Ar arrirude (2500, 5000m), Tst
stabiïzed at higher values than at sea level in air environments from l0_21
oc' The authors concluded that the increase in T5¡ indicated increased

peripheral blood flow due to a reduced vasoconstriction response (4, 7).
We observed a rendency for the sweating threshold to be reduced by

eucapnic hypoxia. However, due in part to high inter-subject variability in
the sweating response (25), this reduction was not statisticary significant.
Given the variability in the sweating response, the probabitiry of rype ,I error
is acknowledged. This is consistent with earrier reports suggesting that the
sweating th¡eshold in humans is not significantly affecred by alritude (1g,
2e).

As a result of the parallel downward shifts in the sweating,
vasoconstriction and shivering thresholds, the size of the thermoregulatory
null zone (range of rse's between sweating and shivering threshords) and the
interthreshold range (range of rss's between sweating and vasoconstriction
thresholds) were unchanged by eucapnic hypoxia. In the present sfudy the
null zone was 0.64 + 0.ZZ.C during control and 0.66 + 0.20 "C during
eucapnic hypoxia. Mekjavic et al. (22) reporred a similar value of 0.5g t
0.23'c during 28 oc water immersion under conditions similar to our
control trial. In a subsequent srudy, Mekjavic and Sundberg (25) reported a

similar null zone of 0.59 + O,Z7 .C during a conrrol trial and a significant
increase in the null zone to 0.95 t 0.50 'c with inharation of 3}vonitrous
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oxide. Therefore, we are confident that eucapnic hypoxia has rittre effect on
the null zone varue. The size of the interthreshord range in the present study
was 0.02 + 0.19 "C and 0.00 + 0.36 .C during control and eucapnic hypoxia
respectively. In contrast, Lopez et at. (21) repofted an interthreshold range
of -0.2 oc. There are two possibre explanations for this discrepancy. First,
using exercise to elevate Tse, rather than extemar warming (as performed by
Lopez et al. (21)), may have produced different pattems of sweating and/or
vasoconstriction. second, the present study defÏned the sweating th¡eshord
as the Ts6 where sweat rate fell to baserine levers while Lopez et at. (21,)
measured the Ts6 at sweating initiation. A hysteresis is often observed
between sweating initiation and offset, with initiation occurring at a higher
Tco (23). This may therefore explain the difference in the interrlueshold
ranges befween these studies.

The small effect of eucapnic hypoxia on human thermoregulatory
fesponses is not surprising. In studies ofconscious cats, Gautier et at. (10,
11) demonstrated a reduction in shivering activity by hypocapnic hypoxia
(FIg2=12Eo, hypocapnia resulting from hypoxic hyperventilation) and a
significant reversal of this effect when end-tidar co2 was normarized.
Shivering was again suppressed when the hypocapnic condition was
restored. Similarly, in pigeons hypocapnic hypoxia eliminated shivering
while during eucapnic hypoxia shivering persisted at 507o of îhenormoxic
intensity (1)' It is likely that hypocapnic hypoxia may produce more striking
changes in human thermoreguration than those observed in this srudy. This
may be expected since hypocapnia causes cerebral vasoconstriction which
would limit biood flow and therefore 02 supply to the thermoregulatory
centers (31). In addition, hypercapnia (4vo coz) in isolation has been shown
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to cause a reduction in the shivering threshold similar to that observed with
eucapnic hypoxia (16).

There are severar possibre mechanisms for a hypoxic depression of the
cold response thresholds and enhancement of core cooling rates observed in
the present study including: l) limitation of 02 supply to effector organs, 2)
decreased efferent output to effector organs and 3) disruption of central
thermoregulatory control centers.

First, hypoxia may impair normal shivering thermogenesis by limiting
02 supply to thermogenic effector organs, although this is unlikely to fully
explain our results. In cats, shivering is impaired at levels of hypoxia (152o

oz) that produce little fall in arterial 02 content (11). Although a lower FIo2
(72vo) was used in this study, a suppression of shivering metabolism due to a
limited 02 supply would not be consistent with observations in exercising
muscle (15)' Gautier et ar. (r1) predicred that the rack of 02 supply to
shivering muscle may onty begin to contribute to the impairment of
shivering when inspired 02 is less than lIVo.

Second, it is possible that hypoxia decreased efferent output to
effector organs by affecting peripheral chemoreceptors, skin temperature
sensors or spinal reflexes. It is unlikely that hypoxia-induced increases in
peripheral chemoreceptor drive fully explains our observations. Although
chemoreceptor stimulation has been shown to inhibit shivering in
anesthetized rabbits (26), shivering suppression is also observed with
carbon monoxide hypoxia and carotid body denervation, neither of which
affect peripheral chemoreceptor oulpur (10, 1l). The specific effect of
hypoxia on skin temperature receptors has not been tested and cannot be
predicted, because hypoxia has been shown to increase activity in some
groups ofneurons and decrease activity in others (32). Spinal
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intersegmental reflex mechanisms and outputs are unaffected by hypoxia
and are therefore unlikely to explain the results ofthis study (20).

Third, hypoxia might produce its depressive effects on Tss response

th¡esholds through a direct effect on hypothalamic neurons, altering their
integrative control function and subsequent efferent signaling. Hypoxia has

been shown to change the thermosensitiviry of preoptic hypothalamic

neurons in anesthetized rats (32). Specificary, hypoxia increases the activiry
of warm-sensitive neurons which wourd tend to rower the cold response

th¡esholds as the integrated signal in the hypothalamus would be
overestimated at a given Tco.

Despite the relativery smal reductions in the cord response threshords,
the rate of core cooling during mild cold exposure was markedly enhanced

by eucapnic hypoxia in this study. The enhanced heat loss with hypoxia
may be partly explained by an increase in respiratory heat loss due to
hypoxic hyperventilation. Although the inspirate was humidified to reduce
respiratory hear loss, (Vfl doubled during eucapnic hypoxia (11.S t 2.3

L'min'r vs' 26.0 + rz.7 L'mn'l at 50 minutes posr-exercise). This increased
ventilation could have increased respiratory heat loss or convective heat loss
to the water due to increased thoracic movements. This increase in
'respiratory heat loss coupled with a deray in the initiation of heat conserving
(vasoconstriction) and producing (shivering) mechanisms likely explains the
increased cooling rate with eucapnic hypoxia.

Ia summary, we provide the first demonstration of the effects of
eucapnic hypoxia on the Tgs th¡eshords for warm and cold thermoregulatory
responses and core cooling rate in humans exposed to mild cold stress.

Eucapnic hypoxia lowered the core temperarure threshords for
vasoconstriction and shivering. Although these changes were smail, the rate
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of core cooling increased by 33Vo. It is possible that hypocapnic hypoxia (as

would be experienced at altitude) would produce an even g¡eater effect on
the responses to cold exposure,
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CHAPTER trI. HYPERCAPNIA LOWERS THE SHIVERING
THRESHOLD AND INCREASES CORE COOLING RATE IN
HUMANS
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A. ABSTRACT

Hypercapnia, which may be encountered by patients during general

anesthesia with spontaneous respiration or during diving operations, alters

the basic thermoregulatory responses of animars and humans. In cold,
exposed animals, 3-10 Vo CO2 impairs thermal homeostasis by attenuating

shivering and promoting heat loss through peripheral vasodilation.

Experimental results with humans are equivocal. To determine the effects of
hypercapnia on wann and cord thermoregulatory responses and core cooling
rates during mild cotd stress, we determined the core temperafure (Tss)

th¡esholds for sweating, vasoconstriction and shivering as welr as body core
cooling rates of eight subjects immersed in 2g"c water. subjects exercised
on an underwater cycle to elevate Tse above the sweating threshold. They
then terminated exercise and passively cooled until shivering was manifest.
Subjects breathed eirher room air (control) or 4Vo COZ/20.9Vo OZ[balurceNz
(hypercapnia) throughout the cooling period. There was a significantly
greater rate of core cooling during hypercapnia (1.74 + 0.g .C.hr_t) (mean +
sD) tiran during conrror (1.39 t 0.9 'c.h'-l). Hypercapnia did not arter the
th¡esholds for sweating or vasoconstriction but rowered the th¡eshord for
shivering by approximately 0.13 + 0.04 "C (mean + SE). These results
demonstrate that hypercapnia enhances core cooring rate during mild cord
stress and that this may be attributed in part to a delay in shivering onset.

Key words: sweating, thermoregulation, vasoconstriction, carbon dioxide,
temperature regulation
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B. INTRODUCTION

General anesthesia inhibits human thermoreguration and disrupts
thermal homeostasis partry as a resurt of decreasing core temperature

thresholds for vasoconstriction and shivering. For example, 30zo nitrous
oxide has been shown to reduce the shivering threshold by _ 0.6 .C and
decrease the intensity of the shivering response (15) and halothane reduces

the threshold for vasoconstriction by -2.5 'c (19). As a resurt of such

thermoregulatory impairment, patients may become hypothermic during
surgery' since many patients become hypercapnic during anesthesia with
spontaneous respiration, it is important to know whether hypercapnia itself
exerts a separate inhibitory effect on human thermoregulation and heat

balance.

Early studies on laboratory animars have shown that inhalation of gas
mixtures containing 3 to L\vo co2 during cold exposure impairs thermar
homeostasis by attenuating shivering and promoting heat loss through
peripheral vasodilation (20). The effects of hypercapnia in humans under
similar conditions are less clear. Burard and crise (4) exposed subjects to
5oc air for 30 minutes during which co2 concentrations from 2.5 - 6vo were
inspired. They observed a suppression ofshivering proportional to the
concentration of co2 inspired. suppression was t¡ansient and shivering
displaying a rebound with continued cold exposure. This disinhibition was
attributed to increased thermar drive due to the increased respiratory heat
loss resulting from hypercapnic hyperventilation. Mo¡e recently, however,
wagner et al. (22) found that inhalation of 4vo Cozfor 60 minutes neither
delayed nor suppressed shivering in cold (5"c) or thermoneutral (29"c) air
environments. Lun et al. (11), also faiied to demonstrate an effect of
hypercapnia on shivering when men breathed 4Vo CO2throughout _ 60
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minutes of immersion in 15'c water. In a subsequent study subjects were
cooled in 15oc water ro a core temperature (Tse) of 36.5'c while breathing
room air. subjects were then switched to a 4vo co2 gas mixture for 15

minutes (12). Prior to the hypercapnic period, shivering activiry gradually
increased with decreasing Tss. This consistent increase in shivering activity
was attenuated by hypercapnia and resumed once the inspirate was switched
back to room air.

In general, the studies showing a decrease in Tss with hypercapnia

have used a relatively mild cotd stress (5oc air) compared with those

showing no hypothermic effecr of hypercapnia (r5"c warer). Ir is possibre

that the primary inhibitory effects of hypercapnia on thermoregulation are

overridden by a more seve¡e cold stress and that these inhibitory effects may
be more evident during milder cord stress. In some cases, the attenuation of
the shivering response by hypercapnia may be explained by a lowering of
the shivering th¡eshold although core response thresholds during
hypercapnia have not been examined. Also, little is known about the
thermoregulatory effects of hypercapnia during heat challenge. Therefore,
this study was performed to determine the effects of hypercapnia on core
temperature threshords for warm and cord thermoregulatory responses, as

well as the rate of core cooling, during mild cold stress. Accordingly human
subjects were immersed in 28'c water (to maintain a constant skin
temperature) and exercised to erevate their Ts6 until sweating was manifest.
They then terminated exercise and coored passivery, allowing determination
of rse cooling rate and the Tç6 threshords for sweating, vasoconstriction and
shivering.
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C. METHODS

Subjects

With approval from our Faculty Human Ethics Committee, eight
healthy, physicatly acrive subjects (2 femate, 6 male) volunteered ro

participate in this study after giving their written, informed consent. Those
on medication or with a history of ca¡diovascu.lar or respiratory disease were
excluded. Subjects were (mean t SD) 2S.4 + 6.3 years old, 175.3 + g.9 cm
tall, weighed 69.0 t9.g kg and had a sum of 4 skinfolds of 49.5 + 1g.6 mm
(3). Female subjects were resred during the follicular phase (days 1_9) of
their menstrual cycle.

Instrumentation

Esophageal temperature was measured using a Mon-a_therm@

esophageal thermocouple (Mallinckrodt, st. Louis, Mo) inserted through a
nostril to the level of the heart. This site provides the best noninvasive
representation ofcore blood temperature (5). probe insertion depth was
determined from sitting height according to the formura of Mekjavic and
Remple (14). Heart rate was monitored continuously with a DC battery_
operated 431004 DefîbrillatorÆCG monitor (Hewlett_packard) with leads in
a modified V5 arrangement.

Sweat rate was measured using a ventilated capsule (_5.0 x 3.5 cm)
placed on the forehead. Anhydrous compressed air was passed through the
capsule over the skin surface. Air flow was controlred at 1 L.min-r by a
Brooks 5850 Mass Flow Controller (Emerson Electric, Hafield, pA).

vapour density of the effruent air was determined based on the rerative
humidity and temperature of the air as measured by an Omega HX93
Humidity and Temperature sensor (Omega Engineering, Stanford, CT) that
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was calibrated by placing it above saturated salt solutions. sweat rate was
the product of the difference in water content between effluent and influent
air and the flow rate. This value was adjusted for the skin surface area under
the capsule to give a value in g.m-2.hr-r. Flow meters in the inlet and outlet
rubing of the capsure alowed the detection and correction of any leaks in the
system.

Peripheral vessel tone, as indicated by fingertip blood flow, was

assessed using a Perfusion Index derived from a modified ohmeda Biox
3700 Pu]se oximeter (ohmeda, Louisville, co) with a clamp-fype oximerer
probe placed on the fourth finger. Infrared light of 2 wavelengths is emitted
from one side of the probe, passes through the fTnger tissues and is absorbed
by the detector. The intensity of transmitted signars is proportionar to the
amount of blood between the emitter and detector. Fingertip blood flow is
given by the difference between the maximum (systole) and minimum
(diastole) signals during each cardiac cycle. The pulse oximeter dara was
collected online and graphically disprayed using a portabre pc with custom
software supplied by Ohmeda. This method of measuring peripheral blood
flow has been validated against absorute blood flow as measured by volume
plethysmography (16).

Oxygen consumption (V6) was determined by an open circuit
method from measurements of expired minute vorume and inspired and
mixed expired gas concentrations sampled from a 5L fluted mixing box.
subjects wore a snugly fitting face mask with a one-way varve that was
co¡rnected to the appropriate instrumentation by a suitable length of
comrgated plastic tubing. Air was æalyzed.by a Beckman OM_l l 02
sensor (Beckman, Anaheim, CA) and a DATEX 254 Aiwvay Gas Moniror
@atex Instrument Corp., Helsinki, Finland) for 02 and CO2 fraction,
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respectively. Gas analyzers were calibrated against gases ofknown
concentration prior to each session. ventilatory rate was monitored by a

pneumotachometer (Hewlett packard 47304 AFlow Transducer).

Analog data from the thermocouples and gas analyzers were acquired
using an electrically isolated Macintosh IIci computer (Apple Computer,

Inc', cupertino, cA) equipped with a NB-MIO-16L 16-channel anarog-

digital converter (National Insfiuments, Austin TX). Data was digitized
asynchronously at2Hz, averaged over 5 seconds, and scaled using

appropriate conections. At 30 second intervals, the results were averaged
for the previous 30 second period, displayed graphically on the computer
screen, and recorded in spreadsheet format on a hard disk. The process was

controlled by a "virruat instrument" written using LabvIEW 2 graphicat

signal processing software (National Instruments, Austin TX).

Protocol

Subjects participated in one maximal exercise test and two
experimental trials (confol andhypercapnia), each on a separate day. kr
each test, the subject sat in a semi-recumbent position on an underwater
cycle ergometer immersed to the clavicles in 2goC water. During the

experimental trials, the subjects exercised (at 50vo of their previousry
determined maximum workroad) to erevate their T96 and initiate sweating.
They then cooled passively, alowing determination of rs6 cooling rate and
the Ts6 thresholds for sweating, vasoconst¡iction and shivering. The

ergometer consisted of a bicycle frame submersed in a tank of water and
connected with a 1;1 gear ratio to a mechanically-braked cycle ergometer
(Monark) supported above the water ra¡k.
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Maximal Exercíse Trial

Each subject performed a graded exercise test to exhaustion pedaring

at 60 rpm. Workload started at 0 kp and was increased 0.75 kp (males) or
0'5 kp (females) every two minures until subjects courd no longer maintain a

cadence of 60 rpm. The workload for the exercise period in the

experimental trials was 50vo of the maximum workload achieved during this

session.

Exp erimental Trials

Each subject then participated in a control and a hypercapnia trial.
These trials were conducted on separate days in a balanced order. subjects
reported to the laboratory following a minimum four hour fast and were

instructed to abstain from alcohol, caffeine and heavy exercise prior to the

test session' Time of day was standardi zed for each subject. During the
instrumentation period (-30 minutes) subjects were covered with a cotton
blanket and rested on a chair. subjects remained seated for a 20 minute
period to determine baseline levers for v62 and rss. subjects were then

immersed in 28"c water to the cravicles and sat on the underwater cycle.
They then pedaled at 60 rpm for 25 minutes at s\vo maximum workload. In
all cases' this exercise bout was sufficient to elevate Ts6 past the sweating

th¡eshold and establish a high sweat rate. Immediately following the
exercise period, subjects rested their left forearm on a shelf at water level
and the pulse oximeter probe was attached to the middre finger to monitor
peripheral vessel tone. subjects remained seated on the ergometer in the
circulated water and cooled passivery until Tç6 dropped below the th¡eshords

for sweating, vasoconstriction and finaly, shivering, Immersions were
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terminated if shivering was continuous and vigorous or if rs6 fel betow

35.5.C.

Throughout the contror triar, subjects inspired humidified room air. In
the hypercapnia trial, subjects inspired humidified gas containing 4vocozJ
2}.9voozlbalartce N2. subjects inspired this hypercapnic gas mixture for the

final 5 minutes of exercise and throughout the entire passive cooring period.

Statistical Analysis

sweat rate, blood flow and v62 responses were plotted versus the

change in Tçs from the pre-immersion baserine (ÂTco). Response threshords

were determined from these plots by three independent investigators blinded
to trial and Tse. The sweating th¡eshold was defined as the T.o at which
sweat rate stabilized at the baseline lever (-50 g.m-2.hr-1) (reference). The
th¡eshold for vasoconstriction was defined as the Tçe at which fingertip
blood flow reached its minimum (reference). The shivering th¡eshord was
indicated by a sustained erevation in voz above the baseline rever (13). This
latter method has been validated in our laboratory against shivering
th¡eshold as determined by the serf-report of subjects and increase in EMG
activity (unpublished data). Thresholds are reported as the change in Tse

from the baseline levels rather than absolute core temperature to adjust for
the daily variability in resting Tço. subjects were required to rest in the lab
until their T.6 was stable and a baseline level could be con_fidently

determined' cooling rate was carcurated by regression anarysis of core
temperature data f¡om the end of exercise to the onset of shivering. paired t_

tests were used to test for significant differences in the response th¡esholds
and the Ts. cooling rates between the control and eucapnic hypoxia

conditions (a=0.05). Sweat rate, Vg2, blood flow (plavg), heart rate and
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minute ventilation ((vp)) were compared in the two trials at four times
during the cooling period using paired t-tests. The probability of type I eûor
was set at 5Vo and adjusted for multiple comparisons over time (Bonferroni).
Group data are presented as mean * sD u¡ress otherwise indicated.

D. REST]LTS

C ore Temperature Resp ons es

The 25 minure exercise period elevated rs¿ by 0.g3 t 0.3 .c and 0.74
+ 0.3 oC during the confrol and hypercapnia trials, respectively. After
completion of exercise the mean Tss cooling rate was 25Vo greater G<0.05)
during hypercapnia (ll74 + 0.g1 "C.h-l) than conrrol (1.39 t 0.gg .C.hr_l)

(Fie.8).

V92, Sweat Rate and Blood Flow

Immediately after the completion of the exercise period, V62 was
1430 ! 206 ml.min- 1 during conrrol and 17 24 + 32g ml.min- I during
hypercapnia (NS). voz followed similar panems in both trials, rapidly
falling to resring revers of 37r + 6g and 439 + 97 mr.min-l by 20 minures in
the control and hypercapnia trials, respectively (NS). In both triaÌs, V62
increased slowly with time as core temperature decreased (Fig. 9).

sweat rate was monitored throughout exercise and during the first 20-
30 minutes of the cooling period. There was a high sweat rate folrowing 20
minutes of exercise that was maintained when hypercapnia was introduced.
The ventilated capsule was removed as soon as sweat rate had fallen a¡d
stabiiized at the baseline level.
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Figure 8. Group data (n=8) for esophageal temperature during post_exercise
cooling in 28" c water' Data is presented as difference from baseline varues.
@ars, SEM; *Rate of cooling greater during hypercapnia than during
control, P<0.05).
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Figure 9. Mean oxygen uptake (Voz) during post-exercise cooling in

control and hypercapnia trials (n=8).
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The magnitude and pattern of sweating varied widely from subject to

subject. Immediately following exercise, sweat rate was 451 + 2I2 g.m-z.hr-

i during the control trial and 490 X 200 g.m-2.hr-l during the hypercapnia

trial (NS). Sweat rate declined at a similar rate and in a similar pattem in the

two conditions @ig. 10).

Perfrrsion index is only presented for 15 minutes following cooling

since fingertip blood flow had fallen dramatically and stabilized at a low

level by this time. When plotted against time, there was no difference in the

maximal fìngertip blood flow or the pattem or rate of decline of blood flow

in the control and hypercapnia trials (Fig. 11).

Heart Rate andVB

The pattem of heart rate response was similar in the two trials. Heart

rate immediately following exercise was 117 t 21 beats.min-l during control

and 125 + 14 beats.min-1 during hypercapnia (Fig. 12). In both condirions,

heart rate fell throughout the cooling period, reaching 76 + I0 and79 + 9

beats.min-l afæt 20 minutes during control and hypercapnia trials

respectively (NS). At 40 minutes post exercise, the heart rate during

hypercapnia was significantly higher than conrrol (p<0.05). After 58

minutes of cooling, the heart rate was 66 t 8 during control and 71 + 9

beats.min- I during hypercapnia (NS).

Vg was significantty higher throughout the cooling period during

hypercapnia (P<0,05). Immediately following exercise, VB was 40 + 8

L.min-l during control and 66 + 13 Llminduring hypercapnia. V¡ fel
rapidly, but remained significantly higher during hypercapnia
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Figure 12. Mean heart rate during post-exercise cooling in control and

hypercapnia trials (n=6).
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(2I t 6 L.min-1) than during control (1 1 t 2 L'min-1) after 20 minutes.

After 50 minutes of cooling, VB was 12 + 3 L'min-1 during control and26 +

14 L.min-l during hypercapnia (Fig. 13).

Thermor e gul atory Re sp ons e T hr esholds

Response thresholds are reported as the change in core temperature

(ÂTss) relative to the baseline resting level (13)' The shivering threshold

was decreased by hypercapnia in all subjects and the mean shivering

threshold was significantly reduced from 0.35 + 0.30 "C below baseline

during control to 0.48 + 0.36 'C below baseline during hypercapnia

(P<0.05XFig. 14). Hypercapnia had a variable effect on the th¡esholds for

sweating and vasoconstriction, in each case lowering these thresholds in five

subjects and increasing them in three. As a result, hypercapnia produced no

significant change in the sweating or vasoconstriction thresholds. The size

of the thermoregulatory null zone (difference in Tco between the sweating

and shivering thresholds) was similar during control (0.59 t 0'3 "C) and

hypercapnia (0.64 t 0.2'C).

E. DISCUSSION

This is the first sfudy to examine the effects of hypercapnia on core

cooling rates and warm and cold thermoregulatory response thresholds in

humans during mild cold stress (28oC water). Hypercapnia decreased the

Tse threshold for shivering by 0.13 oC and increased the rate of core cooling

by 25 Vo. The delay in shivering onset likely contributed to the inc¡eased

core cooling rate.

The experimental protocol, developed by Mekjavic et al' (13) and

used in this study, has two advantages. Fi¡st, whole body water immersion
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Figure 13' Mean minute ventilation 1v6¡ auring post-exercise cooling in
control and hypercapnia trials (n=g).
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effectively clamps skin temperature (Ts¡) at approximately water

temperafure, removing the possible complication of changing cutaneous

drive to the central thermoregulatory processing areas. This enabled us to
determine the thermoregulatory responses to changes in Tse alone. second,

exercise followed by passive cooling while immersed in water is a safe, non-
invasive method for elevating and then reducing Tge without changing Ts¡

compared with other available methods such as intravenous cold saline

infusion (10) or the use of epidural anesthesia (9) combined with exremal

warming.

The hypercapnia-induced increase in the rate of core cooling is

consistent with previous work by Wagner et al. (22) who observed 0.2 "C
depression (average over both conditions) in rectal temperature of men
breathing a 47o CO2for 60 minutes. This effect was reported at both cold
(5"c) and neutral (29"c) air temperatures although the magnitude of the

hypercapnic depression'ndereach ambient condition is not reported. kr the
present study, Ts6 was -0.3 oC lower with hypercapnia following t hour of
cooling in 28"c water (Fig. 8). In contrast,Lun et a/. observed no increase
in the rate of Tse cooling during long term (1 hour) (11) or acute (15 min,)
(12) exposure to 4vo co2 in men immersed in 15"c water. This discrepancy

may be explained by the rarge difference in cold stress and cooring rates

between these studies. Immersion in l5"c water produced core cooling rates

of -2.2-3.0'C.h-r- I (ll, l2). These rates are much greater than the _0.3
oc.lrr-l cooling rate reporred by Wagner et at. (22) and the rate of _1.5
oc'hr-l in this study. The high cold stress during 15 oc water immenion
may have overridden the smail primary effects of hypercapnia on

thermoregulatory control mechanisms.
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The enhanced heat loss with hypercapnia may be partly explained by
an increase in respiratory (evaporative and conductive) heat ross due to
hypoxic hyperventilation (6). Atthough the inspirate was humidified to
reduce respiratory heat loss, (VÐ approximately doubled during

hypercapnia (12t3 L.min-1 during conrrolvs.26+ 14L.min_l during
hypercapnia at 50 minutes post-exercise), increasing conductive heat loss
from the respiratory passages. This increased ventilation could have
increased respiratory heat loss or convective heat loss to the water due to
increased thoracic movements (22). However, since the water was
constantly and vigorously circulated, increased respiratory movements
would have had a reduced impact on overall convective heat loss.

The lowering of the Tg. threshold for shivering is likely one factor
contributing to the hypothermic effect of hypercapnia. Inhalation of gas
mixtu¡es containing between 3 and. r,vo co2 has been reported to suppress
maximal shivering responses in rats, rabbits, guinea pigs and dogs (g, l g,

20)' h guinea pigs, Schaefer and wunnenberg (1g) demonstrared that 5vo
co2 had no effect on the shivering threshord However, inhalation of r5vo
co2 lowered the threshord by -4 'c. In human subjects, a dose-dependent
suppression of shivering by Co2concentration s from 2.5-6vo has been
observed by Bullard and Crise (4). fnis suppression was transient and
shivering displaying a rebound after -15 minures of hypercapnia with
continued cold exposure. This is consistent with our findings of a
hypercapnic reduction in the shivering threshold. It is possible that as T.o
decreased during the 15 minutes of suppressed shivering in the earlier study,
the total thermal drive to the hypothalamus was inc¡eased to a level past the
new th¡eshold so that shivering was reactivated. At a cooling rate of
-Z"C/hr wiút 6Vo CO2, the 15 minure delay in rhe onser of shivering would
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correspond to a reduction of-0.5'c in the shivering threshold (4) . rn
comparison, 4Vo COz reduced the shivering threshold by 0.13 oC in the

present study (Fig. 14). h contrast, wagner et al., found that i¡halation of
47o coz during exposure to 5 and 29'c air neither delayed the onset of
shivering nor reduced the magnitude of shivering once it began. Lun et al.
(1 1) also failed to show a reduction in shiverìn gwith 4Vo CO2 in men

immersed for 60 minutes in 15"c water. However, when normoxic subjects

were cooled to 36.5 oC and then switched briefly to the hypercapnic gas

mixture, the normal increase in shivering activity concunent to decreasing

Tçe was attenuated (12).

'we observed no significant effect of hypercapnia on the threshold for
vasoconstriction. Previous studies have indicated that measurements of skin
temperature (4,22), skin heat flux (11) and forearm blood flow (22) a¡e
unchangedby 4-6VoCOz.

Limited data is available on the effect of hypercapnia on heaf

dissipating mechanisms. Hypercapnia delays the onset of panting in dogs
exposed to heat st'ess (20). our data indicate, however, that 47o co2 did not
significantly affect the sweating th¡eshold in humans.

There are several possible mechanisms that may explain the alteration
of the shivering threshord by hypercapnia incruding: r) a decrease in brood
pH, 2) humoral factors and 3) disruption of central thermoregulatory control
centers.

First, it is possible that the decrease in prasma pH that results f¡om
hypercapnia affects the function of central thermoregulatory structures such
as the hypotharamus. Brackett and schwa ra (2) have shown that arthough a

new steady-state of acid-base equilibrium is achieved in 10 minutes
following an acute increase in co2 revels, extrarenar buffer mechanisms are
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inadequate to defend the baseline extracellular hydrogen ion concentration.
Inhalation of 4vo cozwourd be expected to elevate the concentration of
hydrogen ion in the blood from -3g to 49 nM, producing a reduction in
plasma pH of -0.1 (2). This is an unlikely mechanism, however, since a

decrease in pH of 0.1 stin leaves prasma hydrogen ion concentration weil
within the normal physiological range and there is no evidence to suggest

thermoregularory impairment by slight acidosis (7).

Second, the disruption of thermoregulation by hypercapnia may be a
symptom of the humoral changes that accompany increased co2 levels.

Evidence for these effects come mainly from studies in guinea pigs.

specifically, the acute falt and subsequent rise in the shivering th¡eshold in
these animals as they adapt to ch¡onic hypercapnia has been rinked to a
conesponding fall and rise in the norepinephrìne concentration within the

hypothalamus (17). Also, injection of norepinephrine into the hypothalamic
region has been shown to increase the shivering threshold and rse in these

animals (23). If norepinephrine concentrations were reduced by hypercapnia

in humans and human hypotharamic neurons were similarry sensitive to
norepinephrine, this could exprain a reduced shivering th¡eshold and co¡e
temperature with hypercapnia. Further sfudies on catecholamine revers in
hypercapnic humans are required to evaluate this possibre mechanism.

Finally, there is evidence to suggest that there is a direct effect of
elevated plasma co2 levels on the activity of thermosensitive neurons

within the pre-optic a¡ea of the hypotharamus. kr rhe rat, inharation of gas

mixtures containing 4-L0vo cozcaused an increased firing rate in more than
haif the pre-optic area neurons, with the greatest effect observed in thermalry
sensitive cells (21). Although CO2 increased the activiry of both warm and

cold sensitive neurons, Tamaki et ar. (2r) suggest that the increased activity
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of warm sensitive neurons may affect thermoregulation more strongly
because these cells a¡e more numerous than cold-sensitive cells in the pre-

optic area. This wouid tend to lower the Tco th¡eshord for shivering as the

integrated thermal signal in the hypothalamus would be overestimated in a
given thermal condition. consistent with this theory, generalized electrical
stimulation of the pre-optic area has been shown to increase heat loss and

decrease thermogenesis (1 ).

In summary, we provide the first demonstration thathypercapnia (4Vo

co2) reduces the threshold for shivering and increases Tçe cooling rate in
humans exposed to mild cold stress. Arthough these effects are small
compared with those of anesthesia and other thermal factors during surgery,
this information may be valuable in relation to total patient management.

These results may also have other practicar imprications. For example, in
contrast to the conclusion of Lun et al. (12) regarding severe cold stress, we
suggest that hypercapnia may contribute ro the etiology of hypothermia in
divers exposed to mild cold stress.
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CHAPTER IV. SUMMARY



t02

The two studies presented in this thesis were concemed with the

effects of eucapnic hypoxia and hypercapnia, two environmental stresses

that are often encountered in combination with thermal stress, on human

temperature regulation. These studies used an identical experimental

protocol and demonstrated that inhalation of hypoxic or hypercapnic gas

mixtures increases the rate of core temperature cooling during mild cold

st¡ess and as such, may contribute to the etiology of hypothermia under

similar circumstances in the fïeld. The acceleration of core cooling may be

attributed in part to a decrease in the response thresholds for

vasoconstriction and shivering (eucapnic hypoxia) or to a reduction in the

shivering th¡eshold alone (hypercapnia). The similar reduction in the

shivering th¡esholds and increases in core cooling rates by these two gases

may indicate a common mechanism. Although it is impossible f¡om the data

presented here to evaluate or propose a mechanism for the action of these

gases on thermoregulation, a direct effect on the activities of temperature-

sensitive neurons in the hypothalamus is a promising explanation and

deserves further study.


