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ABSTRACT

To resolve the controversy regarding the effectiveness of
inhalation rewarming as a therapy for hypothermia two separate

studies were conducted.

The initial study was designed to investigate the effect an
increase in respiratory heat input would have on core
temperature gains during rewarming from hypothermia. Ten
subjects were immersed in sea water (mean tempaerature 12°9°C)
until a 2°C drop in rectal tempsrature occurred, The subjects
were then rewarmed by breathing hot saturated air at 44°C for 30
minutes, Each subject was ravwarmed once with spontansous |
ventilation breathing air and once rebreathing a controlled
fraction cf expired air adjusted to produce a hyperventilation
of 50 1/min. A%t the end of the rewarming period, mean réctal
temparature had increased 0.39°C when breathing spontanecusly
comparaed with 0,77°C when hyperventilating (P < 0.,01),
Corresponding gains in tympanic temperatures were 1.,1°C and
1.59C, respectively, Calculaticns indicate that the additional
respiratory heat input from hyperventilation yielded a core
{rectal) temperature gain of 5.1 x 10-4°C/litra. Thus, it is

concluded that each additional 10 1l/min of hyperventilation of
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44°C saturatad air will increase thes rate of cor2 rewarming frop

hypothermia by approximatsely 0.3°C/hr.

The second study was designed to evaluate the contributions
made by respiratory heat input and metabolic heat production to
core temperature gain durinq‘rawarminq from hypothermia. Ten
subijects were immersed in water (mean temperature 11.3°C) untiil
rectal temperature fell to 359C, The subjects were then rewarmed
with three different levels of respiratory heat input (RH), for
60 minutes, Each subject was rewarmed once by shivering {mesan
RH= -10 kcal/hr), once by normal inhalation rewarming breathing
air (msan RH= 20 kcal/hr), and once by hyperventilation
inhalation rewarming (me2an RH= 40 kcal/hr) using the same
rebreathing technigue as in the pravious study. As respiratory
heat input increased core temparature gains increased
(P < 0,05), However, metabolic heat producticn and the total
heat available for rewarming decreased as respiratory heat input
increased (P < 0,05), Th2 psrcentags of total ieaﬁ supplied to
the core (measur=2d as 46% of body weight at rectal temperature)
increased as respiratory heat imnput increased, from 11% in
shivering to 15% in normal inhalation rewarming and to 22% in
hyperventilation inhalation rewarming, Theoretical
‘considerations suggest that respiratory heat may be 4 to b £imes,

as .effective as metabolic h=at in elevating core temperature.
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It was conclud«d that inhalation rewarming is an effective
revarming therapy and that inhalation rewarming provides a
significant improvement over shivaring thermogenssis alone in

the tre2atment of hypothermia.
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A. INTRODUCTION

Accidental hypothermia is a common hazard in both
recreational and industrial activities as a rasult of both
climatic conditions and low water temperatures. In many
accidents where drowning is given as the cause of dsath, the
drowning most probably resulﬁ% from loss of consciousness due to
hypothermia (K=atinge, 1968)fjﬁypothermia caused by cold water
immersion and mountain accidents requires correct diagnosis and
therapy if high mortality rates are to be avoided {(Coopwoced and
Kennedy, 1971), The typ2 of therapy administered is a
controvaersial issue due to the danger of sudden changes in

physiological function in response to the treatment,

A major problem associated with treatment of accidental
hypothermia is the requirement for rapid transport of victims to
hospital, Incidents commonly occur in remote afeaé. Climatic
conditions may delay or prevent removal of the patient., Theres is
at present an urgent requirement by rescue teams for a suitable
method of resuscitating severely hypothermic patients, or even a
"holding" method to preventing further core cooling during
transit, In most rescue siﬁuations, local conditions precludé
the more sophisticated rewarming techniques usually administered

in hospitals,



Inhalation rewarming is an attractive tecnigue for
application under field conditions, It supplies heat directly to
the central core, equipment for its implementation can be made

portable and it is ancn-invasive,

Presently there is controversy regarding the usafulness of
this technigue {Hudson and Robinson, 1973; Marcus, 1978; Hayward
and Steinman, 1975; Lloyd, 1373; Marcus, 1979; Auld, Light and
Norman, 19373). Disagreement exists both over the guantity and
the distribution of the heat delivered. Animal and human studies
are equivocal, This could be due to differing experimental
conditions andyor small subject samples., Although theoretical
and practical considerations argue in favour of the
effectiveness of inhalation rewarming, experimental studies have

been far from conclusive,

To resolve the controversy regarding the effectiveness of
inhalation rewarming as a therapy for hypotherﬁia'two sgparate
studies were conducted, The initial study was designed to
establish whether an increase in the ventilation of warm
saturated air would produce an increase in core rewarming and to
quantify arny such increass by avaluating the thermal increment
provided by any increased véntilation. The initial study was
carrisd out under field conditions as part of a much larger

field study to test the 2ffectiveness of various cocld water



survival suits, While the field study did provide postivse
results the lack of control ovér environmental conditions, the
lack of subject uniformity and the lack c¢f data regarding
changes in important variables (i.e, respiratcry heat gain,
metabolic heat production and body heat losses) prompted a

sscond study.

The second study, conductsd under laboratory conditioms,
was designed to evaluate the relative contributions of metabolic
heat production and respiratory heat input to core temperature

gain during rewarming from mild hypothermia,



B. LITERATURE REVIEW

Accidental hypcthermia is a serious problem in cold air and
water anvirconmants. It commonly occurs in hikers and
mountainsers lost or stranded in cold weather (Freeman, Griffith
and Pugh, 1969; Pugh, 1966), in fishermen and yachtsmen
following cold water immersion (Andrew and Orkin, 1964; Geclden,
1973) and in military personal operating in cold environments,
The rapid rate ¢f cooling which occurs in cold water immersion
{(Hayward, Eckerson and Collis, 1975) and in mountain accidants
{Freeman, Griffith and Pugh, 1969) can readily progress to a
medical emergency., Keatinge (1968) estimated that approximately
1,000 persons per year disd from immersion in British coastal
and inland waters, Although these deaths were usually attributed
to drowning, Keatinge believed that hypothermia was the primary
cause of death, After a study of the Lakonia and Titanic
disasters {Keatinge,1968) he concluded that moét df the deaths

were caused by hypothermia,

There are many techniques described in the literature for
revarming of hypothemic patients., These can be grouped in three
categories: passive rewarming (shivering thermogenesis), active
peripheral rewarming, and active core rewarming, Passive

rewarming usually takes in excess of 24 hours to attain normal



body temperature®s and has producsd poor survival rsesults, with
mortality rates of 45 to 100 pér cant when core temparaturss
were initially below 32°C ({Tolman and Cohen, 1970). A reviaw by
Fernandsz, O'Rourke and Ewy (1970) concluded that more patients
survived accidental hypcthermia if normal body temperatures were
reached in less than 12 hours, and suggested that this would be
more likely if active rewarming was attempted, Many authorities
(Keatinge, 1377; Davies, 1975; Golden and Rivers, 1975; Jessen
and Hagelsten, 1972) have recommended peripheral rewarming bs
used particularly for acute hypothearmia, usually by immersion in
a hot bath, by thermal mattress {Fernandez, O'Rourke and Ewy,
1970) , by heated blankets {Phillipson and Herbert, 1967), or by

plumbed hot water garments {Webb, 1973; Marcus, 1378).

Graegory and Doolittle (13973) in a review of 201 clinical

casas occuring between 1351 and 1972 (Table 1) concluded:

1. In nrild hypothermia, the method of rewarming wés not as
important for survival as in moderate or severe hypothermia.

2. The lower the initial body core temperaturs when passive or
active external rewarming was started the higher the
mortality rate.

3. The mortality rate for passive rewarming was lower than with
active axternal rewarming for all degrees of hypothermia,

4, All patients receiving corsz rewarming survived,
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Thus, while active paripheral rewarming may be sffective i

L]

the treatment of rapid-onset hypothermia of mild severity,
physiological problems may arise with active peripheral
revarming of the slow-onset, unconscious or severely hypcthermic

victinm,

~>*-The major disadvantag2 of active peripheral rewarming is
that the peripheral tissues are rewarmed in advance of the still
cool "core" and may mak2 metabolic and circulatory demands that
the cardiovascular system is unable to meet (Truscott, Firor and
Clein, 1973), Tansey (1973) cautioned *that the rate of
restoration of core temperature must be carefully balanced
between the risk of anoxic damage from tco briskwgplénc:sasa in
tissue oxygen requirement bafore circulation is improved and the
qéskbof‘vascular collapse from the critical afterdrop in cor=a
+Pmperture aSaOClath with +he rebtoratlon of perlpharal blcod
flow through cold deeper layers of subcutaneous tissue. Active
peripheral rewarming relisves tha intense‘peripherél
vasoconstriction associated with hypothermiéf This causes a
redzstrlbutlon of 01rculatlng blood to the perlphery,vlmpairs
vencus return to the heart and further reduces~;ard1ac outpu
Also, active peripheral rewarming may cause tissue llberatlon of
acid end products of metabolism and the resulting metabolic
acidosis may lead to ventricular fibrillation and death (Mills,

1976) .



In chronic hypothermia intravascular volume is decraasadkl
secondary to fluid shifts, and'rapid peripheral rewarming nay
precipitate hypovolemic shock (Burton and Edholm, 1355;
Keatinge, 1969), Howevar, according to Golden (1973), it is
unlikely to have fatal consequences in immersion victims, as the
duration of exposure is usually insufficient to permit the
occurenc2 of major physioclogical adjustments in circulatory

fluid volunme,

Active peripheral rewarming inhibits shivering

thermogenesis, Recent studiss by Hayward, Eckerson and Cecllis

(i977) demonstrated that thermoregulatory heat production in man
depends\;; an interaction of signals from peripheral and central
receptors, An abrupt cessation of shivering was foupd in mildly
‘hypothermic subjects immersed in warm water baths when the skin

temperatures reached aproximately 33°C. This occured at a time

when core temperatures were at their lowest levels.,

Core rewarming has the‘distinct advantage of rewarming the
heart in advance of the increasing metabolic requirements at the
periphery, Thgg;gyiggl}y,.cp;e rewarming aveids all the
physiological hazards mentioned above through delivery of heat

dirsctly to the central circulaticn and tissues, leaving the

limbs and peripheral tissues to warm more slowly,



Sophisticated techniguss of core rewarming have been
practised with success and aré recommended particularly for
severly hypothermic patients, Methods of core rewarming include
peritoneal dialysis (Lash, Berdette and 0zdil, 1987),
extracorporeal circulation (Davies, Millar and Miller, 1367;
Kugelberqg, Schiller, Berg and Kallum, 1967; Truscott, Firor and
Clein, 1973), endotracheal administration of warm, moist air
(Shanks and Sara, 13572) and administration of heated intravenous
fluids, In some cases, a combination of the above methods have

been employed (Ledingham and Mone, 1372; Shanks, 13975).

One of the greatest problems in the treatment of acute
accidental hypothermia is transport of the patient to a medical
centre, Adverse weather conditions may delay or prevent removal
of the patient, In situations whera therapy must be applied by
rescue teams, local conditions preclude most rewarming methods
used in hospitals., Inhaltion rewarming has recently received
much attention {(Lloyd, 1973; Hayward and Steinﬁan,41975; Guild,
1976) . The necessary equipment for instituting treatment can be
condensed to a size which is readily portable (Lloyd, Conliffe,
orgel and Walker, 1972) and, as the methoed is non-invasive, it
can be used by suitably trained non-medical personnel,
Inhalation rewarming is now being practis=d by a small numbef of;
rescue services {Collis, Steinman and Chaney, 1977), in addition

to ba2ing used as a treatmant in hospitals.,



Various opinions have been 2xpressed regarding the
effectiveness of inhalation reiarminq, The heat gain is
recognized to be small in comparison to normal metabolic hesat
production and it has b2en suggested that the benefit to cors
temperature is negligible (Hudson and Robinson, 1973). Lloyd,
Mitchell and Williams {(1976a) concluded that the main benefit of
inhalation rewarming is derived from the elimination of
respiratory heat loss rather than from additional heat supplied
to the core, Protagonists of inhalation rewarming present
equally strong arguments, As heat is distributed preferentially
to th2 central core, a much small2ar input may achieve
significant rewarming results, Successful treatment of
chronically hypothermic patients by inhalation rewarming alone
have besen reported by Lloyd (1373) and Lloyd, Conliffes, Orgel

and Walker (1972).

Previous studies have shown that a close parallel =2xists
between esophageal temperature and the temperatﬁre §f the heart
and great vessels during hypothermia in anaesthesized humans
{Cooper and Kenyon, 1957), This has recently been confirmed in
hypothermic humans under conscious experimental conditions
{Hayward, 1979). Hayward and Steinman (1975) demonstrated that
esophageal temperature showsd no afterdrop but rather a rapid
increase once inhalation rewarming began. A rapid delivery of

heat to the heart might thersfore bs expected, Direct warming of

10



the endocardium via pulmonary venous return, coronary arterial

warming of the myocardium, and mediastinal warming of the

pericardium would minimize the possibility of ventricular

fibrillation and would potentiate incresased cardiac output

{Rose, McDurmott, Lilienfield, Porfido and Kelly, 1957;

Sabiston, Thielen and Gregg, 1955). .

It has been claimed that inhalation rewarming as a therapy

for hypothermia offers the following advantagas:

1,

2,

3.

Peripheral vasodilation is avoided, and hence, the hazards
of rewarming shock and induction of ventricular fibrillation
by cold, acidotic venous re2turn ar2 minimized (Hayward and
Steinman, 19753 Collis, Steinman and chaney, 1377 .

Direct warming of the brain by conduction from the
nasopharynx and circulation of warmed vertebral and carotid
arterial blecod occurs, Rewarming of the brain reverses
cold-induced depression of the respiratoryICenfres and
stimulates conscicusness in severe hypothermia (Hayward and
Steinman, 1975; Collis, Steinman and Chaney, 1377).
Cold-induced depression of ciliary activity is reversed by
direct thermal stimulation and hence any pulmonary

congestion is cleared, Also, humidification liguifies

.congesticon and mobilizes it for transport (Harnett, Sias and

Pruitt, 13793).,

1



4, Airway rewarming has a beneficial effect on cardiovascular
status and cardiac rhythm’out of proportion to the actual
rise in core temperature, Clinical observations suggest a
similar improvement in cerebral function (Lloyd, Mitchell

and Williams, 1976b; Lloyd and Mitchell, 1974).

In a comparitive study, Collis, Steinman and Chaney (13877)
showed that core temperature afterdrop was significantly reduced
when inhalation rewaming was administered compared to shivering
thermogenesis alone, Experimental studies comparing the
effectiveness c¢f hot bath and inhalation rewarming found that
hot bath rewarming produced a greatser rise in rectal temperaturs
than inhalation rewarming but the gain in tympanic temperature
was sliqghtly less (Hayward and Steinman, 1975), In contrast,
Marcus (1978) showed that the effectiveness of inhalation
rewarming in raising typmanic temperature was not significantly
different from shivering alone and was significantly less than
hot bath rewarming. A study comparing hot bath; inhalation and
passive rewarming using anaesthetized, intubated sheep showad
hot bath rewaming to be the best method for elevating core
temperature {Lloyd, Mitchell and williams, 1976a)., Inhalation
rewarming, however, showed considerable advantage over passive
rewvarming alone and the coré/shell temparature gradients weré
morae normal in inhalation rawarming than in hot bath rewarming.

Auld, Light and Norman (1979) using lightly anaesthetized,

12



intubated dogs showed no difference in rewarming rates betwesen

shivering and inhalaticn rewarming.,

The animal studies by Lloyd, Mitchell and Williams 119765)
and Auld, Light and Norman (1379) were carried out under
anaesthesia, This not only decreases heat production by
affecting the hypothalamic heat center, by inhibiting shivering,
and by deprassing metabolism to basal lavels, but also increases
heat loss by dilating the peripheral vasculature directly and by
overconing the vasoconstrictor response to cold (Burton and
Edholm, 1955; Keatinge, 1963; Lloyd, Mitchell and wWillianms,
1976a) . Anaasthesia would therefore slow the rewarming rats in
shivering thermogenesis and inhalation rewarming; methods which
rely on intrinsic metabolic activity as a major h=at source
{Burton and Edholm, 1955; Lloyd, Conliffe, Orgel and Walker,
1972) » 1t wounld however, have a minimal effect on hot bath
rewarming which is dependent on the physical transfer of heat

from the water to the body.

A second problem with these studies was the animals were
intubated, Normally, in airway rewarming, much of the heat gain
which occurs takes place across the nasopharnyx (Keatinge fron
Marcus, 1979). Intubation woﬁld therefore reduce the |

effectiveness of inhalation rewarming.

13



Lloyd, Mitchell and Williams (1976a) observad that
inhalation rewarming provided ho additional benefit when the
ventilatory rate is increased, This result is challenged by
Pavlin, Hornbein and Chanzy (1978) whc showed that increasing
ventilation increases tha rate of temperature elevation in

aneasthetized deogs (Table 2).

Suprisingly, there have been few serious attempts to
calculate the effectiveness of inhalaticn rewarming as a heat
source, This may bs attributed to the difficulty of estimating
the actual heat surrendered by the inhalate and its distribution
through the airways. Hudson and Robinson (1973) estimated that
the gain in body temperature from inhalation rewarming would be
0,03°C/hr based on a hkesat input of 13 Kcal/hr. They assumed
however, that inhalaticn rawarming would have tc¢ provide 70 Kcal
to produce a 1°C rise in core temperature. Llecyd, Conliffe,
Orgel and Walker (1972) calculated a similar figure for
respiratory heat input during rewarming of a pfofcﬁndly
hypothermic patient (core temperature 309C) but pointed out that
the elimination of respiratory heat loss amounted to a further
15 Kcal/hr heat gain if the air temperatur? was 0°C. In their
calculation, Lloyd, Conliffe, Orgel and Walker (1973) ignored
the potential benefits of the latent heat of condensation, |
Wessel, James and Paul {1966) examinsd blood tamp2ratures in the

aorta and pulmcnary artery of the dog and found inhalaticn of

14



TABLE 2

EFFECT OF TWO DIFFERENT LEVELS OF VENTILATION
ON CARDIOVASCULAR TEMPERATURE CHANGES OF ANAESTHIZED DOGS
IN RESPONSE TO INHALATION REWARMING

VE = 6 litres/min VE = 12 litres/min
AT (°C/hr) AT (°C/hr)
I. Vena Cava 0.6 2.5
S. Vena Cava 1.7 3.5
Pulmonary 1.4 2.3
Artery
Left Ventricle 1.4 2.3

15



heated humidified gas warmed the blood as it passed through the
pulmonary circulation, However'it was also demonstrated that
inhalation of heated dry gas cool#d the bloocd as it passed
through the pulmonary circulation, Shanks and Marsh (1973)
calculated that if saturated air were inhaled, then the
respiratory heat gain would be 9,2 Kcal/hr (core temperature
30°9C; inhalate 40°C), Allowing that the profoundly hypothermic
patient will have a low metabolic rate of approximately 54
Kcal/hr (Lloyd, Conliffe, Orgel and Walker, 1972), then the
estimated difference in respiratory h2at of 24 Kcal/hr offered
by inhalation rewarming may become significant, particularly if

it is applied directly tc the core,.

The aquivocal nature of the arguements presented regarding
inhalation rewarming justifies further study to quantitatively
determine the effect inhalation rewarming has on cors |
temperature changes during rewarming from hypothermia. This
controvarsy continues bscauss there is a lack of aécurate and
adequately detailed scientific data to resolve arquem2nts based
larqgely on theoretical prediction, A thorough and detailed

evaluation of inhalation rewarming is therefore needed,
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C. FIELD STUDY
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I. Introduction

A preliminary theoretical investigaticn was made to
estimate the quantity of heat delivared by inhalation revarming
and to determine whether any modifications could be made tc the
inhalation rewarming technigque which wnuld increase delivery of

heat tc the patient,

¥hen a completely water-saturated gas is used to rewarn a
hypothermic subject there are two components in the saturated
rewarming gas that contribute to the ability of the gas to
rewarm the hypothermic victim. The first component is the
convective heating ability of the gas, This heat is releas@d
when a warm gas inspired at an initial temperature (T;) cools to
a final temperature (Te). The seccnd component, condensatbry
heat gain, is due to condensation of water vapor when the

saturated gas is cooled.

Strictly, convective heat gain (CONV) from a rewarming gas

depsnds on the volume ¢f gas ventilated (6), the density of the
gas (p), the specific heat of the gas at constant pressure (Cp)

and the change in temperature of the gas (T; = Teg). Thus:

18



CONV = (ﬁ xT x p X Cph - {& X T x p x Cp)g {nH

where i and e denote inspired gas and expired gas respectively.

If inspired and expired ventilations are assumed to bs
equal and independent of gas mixture, +the change in temperature
is considered independent of gas mixture, and the inspired and
expired density-specific heat products are assumed to be egual,
then convective heat gain, assuming a constant ventilaticn and
‘temperature drop, can be representsd by the following modified

aquation,
CONV = constant x {p x Cp) ' {2)

To maximize the convective heating ability of a rewarming
gas, for a given ventilation and tempesrature drop, tha
density-specific heat product should be maximized. The results
of this investigation, to determine the optimal gas mixture for

convective heat delivery, is detailed in Table 3,

It may be seen that to ensure maximum convective heat gain,
oxygen should be used; however, the convective heating ability
of air is only fractionally smaller. Thus the only remaining
avenue of increasing the convective heat gain is by incre=asing
the ventilation or increasing the tsmperature drop of the gas.

If it is assumed that the expired gas temperature is closely
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TABLE 3

PHYSICAL CHARACTERISTICS

OF GASES
He 0.1785 1.242 0.2217
Ar | 1.784 0.124 0.2212
H) 0.0899 3.41 0.3066
Kr 3.736 0.059 0.2204
Ne 0.900 0.246 1 0.2214
N, 1.2506 0.249 0.3114
0, 1.429 0.219 0.3130
Xe 5.887 0.038 0.2237
Air 1.288 0.243 0.3127
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related to core temperature then to increase the temperature
drop, for a given core temperature, inspired temperature must be

elevated.,

Condensatory heat gain (COND) depends only on the mass of
the water vapor that condenses and amount of heat that is
released per unit weight of water vapor that condenses {latent
heat of condensation). The mass of water vapor that condenses

is:
Hass of Water = (V X p x FH,0); = (V x p x FH,0), (3)

#here p= density of water vapor at STP = 0.8162 grams/liter

FH, 0 = fraction of the gas mixture that is water vapor
The latent heat of condensation of water vapor, corrected for
temperatures others than 20°C, is given'by the following
equation (Hoke, Jackson, Alexander and Flynn, 1376).

Latent Heat = ({590 - 0.55{(T - 20)} cal/granm {4)

Combining s#quations 3 and 4 produces the aguation used to

calculate condensatory heat gain.
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COND = (V x 0.8162 x (590 - 0.55(T-20)} x FH,O);

- (V x 0.8162 x (590 - 0.55(T-20)} x FH,0), (5)

Condensatory heat gain depends on ventilation, %saturation
or relative humidity of the respired gas and the inspired and
expired gas temperatures, If the rewarming gas is 100% saturated
then the only means of increasing condensatory heat gain are by

increasing ventilation or increasing the temperature drop.

It has been suggested that the inhalation of warm moist air
can be tolerated to tempesratures as high as 50 to 60°C {Lloyd,
Conliffe, Orgel and Walker, 1972; Moritz, Henrigues and #MclLean,
1945) . Several authors state however, that inspired temperaturss
over U459C are not readily tolerated by hypothermic subjects .
(Hayward and Steinman, 1975; Lloyd, 19743 Collis, Steinman and
Chaney, 1977; Shanks and Marsh, 1973; Guild, 1976). Tests have
shown that inhalaticn of warm moist air above 4792C was
'unpleasantlf hot' and above 50°C produced burﬁing'sensations
{Guild, 1976). Lloyd {1973) refers to some laryngeal edema and
tracheal scalding in an elderly patient following maximal
bumidifier treatment for acute hypothermia. Thus, increasing the
subiject's ventilation represents the only suitable means of
increasing both the convective and condensatory hesat delivered

by a saturated rewarming gas.,

22



The method chosen +o increase the subject?s ventilation was
that of rebreathing =xpired gas., Hyperventilation could be
controlled by adjusting the carbon dioxide fraction of the

inspired gas mixture,

A secend investigation was made to determine the relative
contribution of convective and condensatory heat to the total

raspiratory heat gain (RH).

If the rewarming gas is air, inspired temperature is 45°C,
expired temperature is 32°C, and inspired and expired

ventilation ar2 20 l/min, then combining equations 1 and 5:

RH = CORNV + COND . A{h)
RH = 0,081 Kcal/min + 0,513 Kcal/min
RH = 13.6% convective + 86.4% condensatory

Prom this result, it is seen that mcst of the heat rprovided
by inhalation rewarming is from the condensation of water vapor.
Therefore for inhalation rewarming to be effective the rewarming

gas must be 100% saturated,
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The purpose of followinq experiment was to demonstrate that

ncreasing respiratory heat input to mildly hypothsrmic subjects

’J-

{by increased ventilaticn) produces increased core tenperature
gain, An attempt to guantify tbkis increase in terms of cor=

temperature rise per liter of increased ventilation was pmade.
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II. Methods

Experiments were carrisd out under field conditions on the
Pacific Coast of British Columbia. This particular study formed
an integral part of a larger field study to test the
effectiveness of different survival suits designed for cold
water immersion (Hayward, Lisson, Collis and Eckerscn, 1378).
The experiments were conducted on a diving float, off which the
subjects were immersed each day in the ocean, During the study,
average water temperature was 11.8°C and average air temperature

was 12.4°C,

Twenty volunte=sr, male subjects were selected as subjeéts.
Selection was on the basis of minimizing intexr-individual
variation in body size and fatness which affect cooling rate
{Timbal, Loncle, and Boutelisr, 1976). Table 4 presents a
summary of subiject physical characteristics. All subjects wera
athletically active, passed cardiovascular-respiratory fitness
tests, and met the requirements for informed consent, according
to procedures cutlined previously (Hayward, Eckerson, and
Collis, 1975). Of the 20 subjects who participated in the
éurvival suit study, 14 were chosen to participate in the

inhalation rewarming study.
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TABLE 4

PHYSICAL CHARACTERISTICS OF SUBJECTS
IN FIELD STUDY (n=10)

Age (yrs) | 22.0 + 2.0
Weight (kg)’ 73.8 + 1.3
Height (ecm) = 179.8 + 1.6
Body Fat (%) 9.28 + 0.44
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A respiratory rewarming apparatus (Figure 1) was designed
to supply hect meoist gas at a contreolled temperature. A fezedback
loop was incorpecrated into the apparatus to control the
vaentilatory response of the subject by rebreathing expired gas.
Inspired air was heated and saturated by passing through a heat
exchanger and humidifisr unit. Warm water esntered the top of the
unit in the form of a spray aﬂd was remnoved at the bottom. The
water was recycled to the unit through a thermostatically
corntrolled water bath heated by an electric coil ({HETO, TH443).
The subject inspired through a mouth-piece connected to the heat
exchanger, Inspired gas temperature was measured by a thermistor
{YSI type 401) placed immediately before the inlet valve of the
mouth-piece, Gas tamperature could be ccntrolled to +1°C by
altering the thermostat setting of the water bath. Expired gas
was £ither exhausted directly to the atmosphere or, by adjusting
the two-way valve, was recirculated to the heai eichanqer whers
it mixed with incoming air ‘before exhausting to the atmosphers.
The inspired carbon dioxide fraction could be controllsd to the
desired level by adjusting the proportion of expired gas
recirculated, The ventilation of the subject was measured by
passing incoming air thrcugh a dry gas-meter {Parkinson-Cowaﬁ)

connected to the inlet of the heat exchanger,
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Fiqure 1, Schematic diaqram of the respiratory rewaraming

appartus and instrumentation used in the field study.
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Respiratory gases wers measured by ccntinuous sampling
directly at the mouthpisce, Inspired and expired alveolar carbon
dioxide fractions were analyzed by a rapid response infrared
carbon dioxide analyser {Godart Statham). Corresponding oxygen
fractions wer2 analysed by a rapid response zirconium oxide

oXygen analyser (Applied Electrochemistry S5-34).

Oxygen uptake (902) was calculated from inspired and
expired alveolar gas fractions,

’

VO, = V, X {F; 0, =(F,N,/FeN,) X FeO,} (7)

Where Vo =(1 - V) x V; (l/min STPD)

Respiratory deadspace (io) was astimated from the data of
HorriSon, Butt, Florio and Mayo (1976) which relates minute
ventilation and tidal volume and the data of Aémuésen and
Nielson (1956) which relates tidal volume and respiratory dead

space.

Each day, one or two subjects underwent respiratory
rewarming, the remainder being rewarmed using conventional hot
bath rewarming., The subjects selected for respiratory rewarming

were dressed either in shirt, jeans and life preserver or wore a
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survival suit offering inadequate thermal protection. Rectal
temperatures were measured by'a thermistor {(YSI type 401)
inserted 15 centimeters beyond the anus, Temperatures wers
recorded at ten-minute intervals and the subjects were removed
from the cold water when a 2°C drop in rectal temperature was

registered,

On removal from the water, the subject entered a cabin on
the dive float where he was stripped of clothing, dried lightly,
and laid on a bunk. Skin thermistors (YSI type 409) were
attached to the right chest in the region of pectoralis major
and to the lateral aspect of the2 right calf., The subiject was
then covered with a blanket., A copper constantan thermocoupls
was inserted in the left auditory canal near the tympanum and
sealed in position with soft wax., The rectal, skin and inspired
gas temperature probes were connectad to a temperature meter
having a zeroc offset selactor switch and expanded scale:

measuring 11°C fullscals deflection, read to +0,05°C,

The subject began breathing hot moist air from the
respiratory reéarminq apparatus six minuates after leaving the
water., Inspired air temperature was ccntrolled at W4°C, Minute
ventilation, inspired and alveolar oxygen and carbon dioxide:gas;
fractions, inspired gas temperature and rectal, tympanic, chest

and calf temperatures w2re recorded at three minute intervals.,
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The experiment was terminated 36 nminutes after =#xit from the
water and the subject wuas then transferrsd to a hot bath for

additional warming if necessary.

Bach subject underwent respiratory revarming on two
occasions, During one protocol, the subject was rewarmed
breathing air containing no carbon dioxide. Therefore, the level
of ventilation varied according to metabolic rate, In the second
protocol, the expired gas was recirculated through the heat
exchanger and ventilatory response varied as a function ¢f both
metabolic rate and inspired carbon dioxide. The inspired carbon
dioxide fraction was adjusted throughout the experimeant in order
to maintain a relatively constant ventilation of 45 to 50 1/min

{BTPS),

As the experiments were carried out in the field and the
primary objective was to establish the rate of cooling when
wearing different types of protecticn, there wés éome variation
in core and skin temperatur2s at thas start of rewarming {Tzero).
Analysis of the data of the 14 subjects showed a significant
difference between the mean rectal temperatures at Tzero for the
two methods of rewarming, These data showed a tendancy for the
rate of rewarming tc be influenced by core temperature at time
TZ&I0 p:esumably due to its effect on shivering metabolism. In

order to eliminate this factor from ths analysis, ten subjscts
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wera selacted such

Tzero, for the two

411 data wear=2

error of the mean,

that the mean rectal temperatures at tiams

ravarning methods, ware balanced to *0,1°C,

qucted as the mean plus or minus the standard

Differences in response between the two

rewarming methods were analysed for significance by comparing

the data sets (n=10) in a paired T-test,
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IIT. Results

Ventilation

When bfeathing air, minute ventilation (BTPS) decreased
rapidly with the decline of shivering from an initial value of
37.2 + 1.4 1l/min to 11.4 + 0.7 1l/min after 30 minutes of
revarming (Figure 2)., In contrast, when rebreathing expired air,
minute ventilation was increasead from an initial value of 37.0 +
1.6 1/min (nc rebreathing in first 5 minutes) to 50 + 2 1/min by
ten minutes., This level of ventilation was maintained for the

duration of the experiment,
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Figure 2., Comparison of inspired ventilation (l/min BTPS) during
rewarming with normal inhalation rewarming (control) and
hyperventilation inhalation rewarming (hyperventilation).
Hyperventilaticn was cecntrolled at approximately 50 1/min by
rebreathing a fraction of expired air, During control ‘
ventilation varied in response to shivering thermogenesis. Mean
data of 10 subjects, Vertical lines denote standard errors of

neans,
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Oxygen Uptake

Oxygen uptake was calculated only when breathing air
{contrel rewarming) . During cpntrolled hyperventilation, the
differences between inspired and alveolar oxygen and carbon
dioxide values were insufficient to allovw accurate measursmant
of oxygen uptake, Oxygen uptake varied greatly among the
subjects, being dependent on the extent of shivering
thermogenesis, Oxygen uptake was 1,27 + 0,03 1/min in the first
minute of rewarming and decreased rapidly at first and then more
slowly to a value of 0,36 + 0.01 1/min after 30 minutes of

rewarming (Figure 3).
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Figure 3, Oxygen uptake (1/min STPD) during rewarming with
normal inhalation rewarming {control). Other conditions as in

Figure 2.
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nd Skin Temperatures

The rectal, tympanic and skin temperatures of each subject
were normalized by subtracting the initial temperature (Tzero)
from the temperature at any future time, The mean temperature
changes of the 10 subjects ware then calculated at time

intervals of 3 minutes.

With both rewarming methods, rectal temperature {Figure 4)
recorded a minimum value (Tad) within the first six minutes of
rewarming., The mean gain in temperature at minute 30 was 0.39°C
when breathing air, ccmpared with 0.77°C when hyperventilating
(P < 0.,01). Using the mean data, a least sguares regression line
was fitted to the part of the curve in which the temperature was
rising steadily {(minutes 3 - 30). The regression equation gave a
mean rise in rectal temperature of 1.21°C/hr wﬁen.breathing air
comparad with 2,159C/hr when hyperventilating. The means of the
slopes of the individual regression lines, calculated for each
subject, were significantly greater (P < 0.1) with controlled

hyperventilaticn than with normal inhalation rewarming.
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Figure 4, Comparison of rectal tamperatre changes (°C) during
rewarming with normal inhalation rewarming (control) and
hyperventilation inhalation rewarming (hyperventilation). Other

conditions as in Figure 2,
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There was no difference in the magnitude of rectal
temperature afterdrop (Tad = 0.5°C), but when breathing air,
afterdrop duration was longer (P < 0.1), Two subiects failed *o
increase their rectal temperature above the initial value durinqr
the 30 minutes of rewarming when breathing air, In these
subjects, rectal temperature tended to stabilise, the lowast
temperature change at minute 30 beinqg -0,35°C. In contrast,
during controlled hyperventilation all ten subjects registered

an increased rectal temperaturs,

Tympanic temperature gains (Figure 5) were considerably
greater than corresponding rectal temperature ggins (P < 0,01,
The minimum value of mean tympanic temperature was recorded
after 3 minutes of rewarming by breathing air. With
hyperventilation, the mean data showed no afterdrop in tympanic
temperature, The mean gain in tympanic temper&turé was 1. 1°C
when breathing air and 1.59C when hyperventilating. The rate of
gain in tympanic temperature from minute 6 to 30 was calculated
yusinq a least squares regression as described for the rectal
temperatures, The regression squations gave a mean temperature
‘gain of 3,0°C/hr when breathing air compared with 3.5°C/hr when ;

hyperventilating,.
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Figure 5., Comparison of tympanic temperatre changes {°C) during
rewarmning with normal inhalation rewarming (control) and
hyperventilation inhalation rewarming (hyperventilation). Other

conditions as in Fiqure 2.
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The minimum tympanic temperatures recorded were lower and
temperatures took longer (P < 0.1) to rise abcve their initial
value when breathing air. For all subjects, respiratory
rewarming achieved an increase in tympanic temperature akove thé

initial valu= of Tzero during the 30 ninute périod.

The mean changes of chest and calf skin temperatures during
the rewarming period are shown in Figure 6, Mean chest skin
temperature rose 5,2°C when breathing air compared with 6.3°C
when hyperventilating (P < 0.1) to reach an absolute value of -
33.6°C in both cases., Calf skin temperatures rose 4,0°9C during
air brzathing and 3,3°C during hyperventilation (P < 0.,1) to

reach a common absclute value of 24,7°C,
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Fiqure 6, Comparison of chest and calf temperaturs changes {9¢C)
during revarming with normal inhalation rewarming {ccntrol) and
hyperventilation inbalation rewarming {(hyperventilation), Other

conditions as in Figure 2,
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1V, Discussion

The only treatment differences betwesen the two rewarming
methods was the respiratory stimulus, Thus, the difference in
revarming rate {(°C/hr) resulted from the difference in
ventilatory rate, The rewarming data of Figures 2 and 4 show
that after 30 minutes of inhalation rewarming an additional 741
litres of ventilation r=sulted in a r=actal temperature gain of
0.38°C {hyperventilation - control), This yields an increase of
core2 {(rectal) temperature of 5.1 x 10"% oc/litre of additional
ventilation. If this valuz is taken to represent the
effectiveness of hyperventilation, then each additional 10 1/min
of inhalation rewarming will increase core (rectal) rewarmiﬁg

rate by 0,3°C/hr,

As core temperature gain was greater whaﬁ-hyperveniilatinq,
shivering thermogenesis may have been less when breathing air,
This effect on metabolic rate would bs somewhat offset, however,
by the increased work of breathing., The ™inhalaticn rewarming
factor" (°C/litre) calculated above, therefore, encompasses both
increased respiratory heat gain and changes in metabolic rate
caused by the treatment, In order to obtain a more accuratse

measur® of respiratory heat gain per se, a laboratory study wvas
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r2quir2d irn which metabolic rates, respiratory heat exchange,

and body heat losses could be monitored.

Tympanic temperatures incr2ased considerably faster than
rectal temperatures (Figqures 4 and 5), This could have been
caused by an artifact such as air passing through the esustachian
tube during a valsalva manoeuvre, An erratic recording would
have been expacted however, whereas a smooth, continuous gain
was recorded, A more likely explanation is that perfusion of the
head is proportionately greater than that of the abdomen, and
applying heat at the nasopharynx prevents heat loss from the

head to colder areas of the body.

Hyperventilation had a greater effect on the rate of change
in rectal temperature than in tympanic temperature, although the
absoclute effects were of a similar magnitude., One possible
explanation is that tympanic temparature is more sensitive to
heat conduction across the upper airways and nésopﬁarynx and
thus more dependent on inspired gas temperature rather than
ventilatory rate, When inhalation rewarming is applied, tympanic
temperature may b2 a better indicator of CNS temperature change

than of general core temperature changes.
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Results shown in Figur2s 4 and 5 agree with the findings of
Pavlin, Hornbein and Chaney (f976) who noted that when the
ventilatioh of anaesthetized dogs was increased from 6 l/min to
12 1l/min, the rate of ccre temperature elesvation waé greatly
enhanced. In contrast, Lloyd, Mitchell, and wWilliams (1976)
found that assisted ventilation had no significant effect on the
rate of revarming of sheep, This discrepancy may result fronm a
difference in the relative humidity of inspired air. The
potential respiratory heat gain from inhalation rewarming is
derived largely (80 to 90%) from the latent heat of
condensation, Thus, inhalation of unsaturated gas (eg. 70%
relative humidity) will have little effect other than

eliminating respiratory heat loss.

Marcus {1978) found that inhalation of hot moist air had no
significant effect on the rate of tympanic rewarming, The
rewarming rates quoted by Marcus must be treated with caution
howaver, as they are based on tympanic temperaéureé of only four
subjects and it is doubtful whether all the subjects were truly
hypethermic {me#an rectal temperature 36.4 + 0.6°C)., Rectal
temperatures shown in Figqure 4 contradict the claim of Marcus
that rectal core tsmperature is not a suitable measure for

comparing rewarming techniques in acutz hypothermic conditions,
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A factor to be considered in esvaluating the effectivenass
of induced hyperventilation fbr rewarming is that the relativa
benefit is in proportion to ventilation decrement., Because
spontansous ventilation is initially high (Fiqure 2) due to
shivering thermogenesis, the potential for improved heat
transfer by further ventilation increase is limited. Therefore,
during the important early phase of rewarming, where treatment
is oriented towards minimizing afterdrop, hyperventilation is of
less value, Its benefits become greater during the temperature
increment phase of rewarming when sSpontansous ventilation and
shivering thermogenesis are decreasing, The foregoing is
-important in appreciating the different situation that applies
between mild or mod2rate hypothermia and severe hypothermia, In
the first case, increased spcntaneous ventilation will
facilitate inhalation rewvarming, whereas in severe hypothermia,
metabolism would be depressed to approximately 60% of its normal
resting value (Lloyd, Conliffe, Orgel, and Walkeser, 1972) and the
ability to administer h2at via the respiratory'tréct would be
limited, Theoretical considerations indicate that if ventilation
vere depressed to 5 1l/min, the net change in (rectal)
temperature derived from respiratory heat gain would be
approximately 0,15°C/hr. If inhalation rewarming is to be
attemptad in such cases, a‘degree of hyperventilation may be
necessary in order to convert core temperature change from a

negative to a positive rate, While hyparcapnia can be tolerated
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in mild hypothermia, in severe cases it should be avoided,
Hyperventilation could only be applied provided acid-base

balance was maintained.

In conclusion, hyparventilation of #49°C saturated gas
offers an improvement in the rate of core rewarming from mild
hypothermia. This study was designed to gquantify the
relationship between core revarming rate and ventilatory rate
and an inhalation rewarming factor of 5.1 x 10-4°C/litre was
obtained for rectal core tamperaturs gain. As heat gain is
dependent on ventilatory rate, controlled hyperventilation

should be beneficial particularly wheres metabolism is depressed,
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D. LABCRATORY STUDY
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I. Introduction

Inhalation rewarming has been promoted as a safe rewafming
process which can be easily administered to cases of hypothernmia
in remote environments (Lloyd, Conliffe, Orgel and Walker, 1372;
Hayward and Steinman, 1975; Coilis, St=inman and Chaney, 1977);
The effectiveness of inbalation rewarming as a heat source has
been questioned however, {(Hudson and Robinson, 1373; Marcus,
1978) and the results c¢f e=xperimental studiss are contradictory
(Hayward and Steinman, 1975; Collis, Steinman and Chaney, 1977;
Marcus, 1978). The rate of reaarminq will vary not only with the
heat supplied by the rewarming technique, but also with th=
metabolic heat production and heat lossss from the core dufinq
rewarﬁinq. Metabolic h2at production will be largely dependent
on core and skin temperatures (Hayward, Eckerson and Collis,
1977), while heat losses will be largely dependent on
" temperature gradients within the body and the environmental

conditions.,

Studies which have shown no significant differences batween
inhalation rewarming and shivering thermcgenesis have implied
that metabolic heat production is not altered by respiratory

heétinq‘{ﬁuld, Light and Norman, 13979; Marcus, 1978). However,
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in a study comparing various rewarming methods {Collis, Stsinman
and Chaney, 1977) subjects reported subjectively that shivaring
Wwas gr=2atest when no additional means of rewarming was
administered, This implies that the ability of the mildly
hypothermic subject to rewarn himseif through shivering
thermogenesis was reduced by active rewarming., If the magnitude
0of heat deliveresd during treatment with an aciive rewvarming
technique approximated the magnitude of hesat production lost
through inhibition of shivering thermogenesis, then no
significant difference in the efficacy of the therapies might be

expected.

If it may be shown that respiratory heat is at least as
effactive as metabolically produced heat in rewarming the core
from depressed states, then inhalation rewvarming must be

considerad a viable therapy in the treatment of hypothermia,

The purpose of the present experiment was to quantify the
contributions made by metabolic heat production and respiratory
heat input to the elevation of core temperature during rewarming

from mild hypothermia,
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II. Methods

Hypothermia was induced on three occasions in each of ten
subijects, Fach subiject was then Zewarmed, on one occasion by
normal inhalation rewarming {control), on another by
hyperventilation inhalation rewarming (hyperventilation), and on
another by shivering thermogenesis {shivering). To minimize
habituation and circadian effects on the resultant rewarming
rates the experiments were startsd at the same time each day and

sequence of the three treatments were varied,

Cold immersions took placs in the ‘labecratory in order to
minimize variatioms in water and air conditions., The immersion
posture was standardized so that the head remained clear of the
water, while th2 neck and remainder of the2 body wers completely
immersed, Subjects made a minimum of voluntary movements and
maintained their position by sitting on an aluminum bench
insulated with a 1 cm necprene covaring. The temperature of the
vater was maintained at 11,3 + 0,1°C, The average air

temperature during the study was 21 + 2°C,

Ten healthy, male, volunt=er subjects, all athlestically

active, weres selected for the study. Table 5 provides a summary
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of subject physical characteristics., Af*er having satisfied the

rigid m2dical and safety criteria stipulated by the university

ethics committee and detailed below, subjects were allowed to

participate in this study.

1.

Subjects were2 given an inforamed consent which described
subject involvement in the study and a Standard Kinesiology
Medical Form and were required to have a physician examine
them. If the physician was satisfied that the subject was in
good health and could safely participate in the test, he
provided the subject with written authorization to that
purpose, .

After written authorization was obtained, the subject
undervent a modified Sjostrand work capacity tast {PWC 170).
The test consisted of pedalling a Bicycle ergometer for four
work periods of five minutes sach at a pedalling fraquency
of 80 revolutions per minute, The first work period was a
warm-up, conducted with no brake load.vThebreﬁaininq thres
work periods were conducted at increasing brake loads and
designed to 2licit heart rates of 120, 140 and 160 beats per
ninute respectively, After each work period there was a 30
second rest period, during which the subject?!s bloocd

prassur2 was takan, Electrocardiogram (ECG) activity was

-monitored continuously throughout the test,

The data from ths test was used to determine the subject's
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TABLE 5

PHYSICAL CHARACTERISTICS OF SUBJECTS
*IN LABORATORY STUDY (n=10)

Age (yrs) 25.4

+ 1.5
Weight (kg) 72.9 + 2.7
Height (cm) 181.6 + 1.9
Body Fat (%) ' 8.4 + 0.5
PWC 170 (Kpm/Kg) 20.4 + 1.0
Fitness 93.4 + 2.1
(Percentile)
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percentile fitness using the C,A.H.P,.E.,R, norms {Metiviar
and Orban, 1968). No subjéct who rated less than at the 80th
percentile was used in this study. The high level of fitness
vas demanded for two reasons, the most important of which
waé subject safety, The secondary reason was that fitnaess
level may affect physiological responses to cold (Leblanc,
Cote, Dulac and Turcot, 1977). In addition, all ECG and
blood pressure data were analysed for abnormalities by an
independent physiologist expasrienced in interpretation of
cardiac data, Only those subjects who satisfied every phase
of the above procedure were used in our experiments.
Rejection rate was approximately 50% of the vclunteers who
expressed interest and 25% of those who underwvwent

praliminary fitness testing,

Core temperatures wara recorded at the tympanic memkrane

and rectum, Tympanic temperature was monitored by a copper

constantan thermocouple inserted in the left aﬁditory canal and

sealed with soft wax, Rectal temperature was monitored by a

thermistor {¥SI type 701) inserted 15 cms beyond the anus.

Copper constantan thermocouples were attached to the skin

surface to monitor skin temparature and mean skin temperature

{MST) was calculatsd according to Ramanathan (1964).

MST = 0,3{(arm + chest) + 0,2{thigh + calf) {(8)
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To assure skin temperature was measurad and not water
temperature the tharmocouples were taped to the skin, coverad
with a gauze pad and then covered with a 0,5 inch diameter:

plastic cup,

puring immersions, the subject was under the constant
surveillance of the experimenters, ECG activity was monitored
during both cooling and rawarming phases of the experiment.
Immersion was terminated when the subject's rectal temperature
reached 35.0°C, The subject was helped from the water on the
completion of immersion and'lightly dried with towels., The
subject was then placed supine on an adjacent mattress and
enclosed within a sleeping bag. The purpose of the bag was to
insulate the subject frem room air and keep skin temperature low
(i.,». maintain developed vasoconstriction)., This tactic
maintained maximum shivering thermogenesis and the skin
temperatures reflected peripheral temperature changes rather
than room air temperature, The time interval fiom-leaving the
water to initiation of rewarming was six minutes., After each
immersion, the subject was rewarmed by a different rewarming

technique,

The respiratory rewarming apparatus described in the field
study underwent mincr modifications for use in the present study

(Figur2 7). The modifications were an expired gas mixing box
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insertsd between the subject and the two-way valve used to
control rebreathing, and 2 cm neoprene insulation wrapped aroung
the inlet and cutlet breathing hoses, The mixing box alloweqd
accurate measurem=nt of subject's expired gas while the neopréne
insulation prevented heat losses and afforded stable reading of

inspired and expired gas temperatures,

Inspired respiratory gas was measured by sampling close to
the mouthpiece, immsdiately before the inlet valve, Mixed
expired gas was measured by sampling directly at the distal end
of the expired gas mixing box. Inspired and mixed expired carbon
dioxide fractions were analysed alternately by a rapid response
infrared carbon dioxide analyser (Godard Stathanm). Corresponding
oxygen fractions were analysed by a rapid response zirconium‘
oxide oxygen analjser (Applied Electrochemistry 5-3A).
Instruments wers calibrated with the use of 3 primary standard
gas mixtures (accurate to 0.02%) at the beginning and end of
each experiment., Oxygen uptake was calculatedifroﬁ inspired and
mixed expired gas fractions during all rewarming trials.
Hetabolic heat production was calculated assuming a metabolic

equivalent for oxygen of 4.8 Kcal/liter.
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Figqure 7. Schematic diagram of the respiratory rewarmiag

apparatus and instrumentation used irp the laboratory study.
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All tamperature and respiratory gas data were recorded by a
programmable data logger (Kayé Instruments) having 10
thermocouple inputs connecting to an internal ice point
reference and 10 voltages inputs., The experiment was terminated
after 60 minutes of rewarming and the subject was then

transferred to a hot bath for additional warming.

Tamperaturs and respiratory data were also collected during
the cooling phase of each experimsn%t, Four head temperatures
{fcrehead, right and left cheek and chin) and four sleeping bag
temperatures wsre nonitored during rewarming, These additional
data wer=2 collscted for rssearch projects that were not part of

this thesis.

All data were expressed as mean *+ SEM, Differences in
response betwesn the three rawarming m2thods were first analyzed
for statistical significance by a re2peated measures analysis of
variance (BMDP2V; BMDP Manual, 1977). Significént-differences
between rewarming methods were then determined by a Tukey

Post-Hoc test (Kirk, 1968), .
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III. Results

Ventilation

Mean inspired minute ventilation was calculated at minute
2, 4% and then at 4 minute intervals for the remainder of the
rewarming period {(Figure 8). 3 summary of inspired ventilation

during rewarming is given in Table 6,

The irnitial ventilation reading was higher (P < 0.05) for
shivering than for both control and hyperventilation., For
shivering and centrol, minute ventilation decrsased
exponentially from the initial values, with reduction in
metabolic rate, to approximately 3 l/min after 60 minutes of
rewarming. The average inspired minute ventilaticn for +he
entire rewarming period was higher (P < 0.05) for shivérinq
{21.7 1/min) than for control (17.2 l/min). The average inspired

minute ventilation for hyperventilation was 39.6 1/min.
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Figure 8. Comparison of inspired vantilation {(l/min BTPS) during
rewar 1ing from hypothermia by'shiverinq thermogenasis
(shivering), normal inhalation rewarming {control) and
hyperventilaticn inhalation rewarming (hypsrventilation). During
shivering subjects spontansously ventilated room air (21 t+ 2°C),
during control subjects spontaneously ventilated saturated air
(47 + 1°C) and during hyperventilation subjects ventilated
saturated air (47 * 19C) at approximately 40 l/min. Mean data of

10 subjects. Vertical lines denote standard srrors of means.
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Oxygen Uptake

Oxygen. uptake (602) was calculatad at the same time
intervals as inspired ventilation. Mean oxygen uptake versus
time 1s shown in Figqure 9, A summary of oxygen uptake during

rewarming is provided in Table 7,

The ipitial 902 reading was higher for shivering than‘the
two inhalaticn methods (P < 0.,05). During all rewarming
procedures 602 decreased =2xpon=ntially towards basal metabolism,
This decrease was most rapid in hyperventilation while shivering
showed the slowest decrease in 602. This is shown by total
oxygen consumed and mean oxygen uptake during rewvarming. Thus,
mean oxygen uptake was greater (P < 0.05) for shivering ({0.76
1/min) than mean oxygen uptak2 for sither control (0,64 1l/min)
or hyperventilation (0.5%" 1l/min)., Also, mean oiyqén uptake was

greater for control than for hyperventilation (P < 0.05).

’

After the initial rapid decreass, @02 decreased more slowly
to a value of 0.33 #+ 0.01 1/min after 60 minutes for all three

revarming methods.
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Pigure 9., Comparison of oxygen uptake (l/min STPD) during

revar 1ing from hypothermia by'shivering thermogenasis
{shivering), normal inhalation rewarming {(control) and
hyperventilation inhalation rewarming (hyperventilation). Other

conditions as in Figure 8.
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Respiratory Heat Input

Respiratory heat input (RH) was calculated at the same tine
intervals as inspired ventilation, The mean RH data versus tipe
for each of the 3 rewarming methods is shown in Figure 10. R

summary of RH during rewarming is provided in Table 8.

Respiratory heat input under these experimental conditionms
depend2d on inspired temperature and ventilation. Thus, as
expected, RH was greatest for hyperventilation and negative {ie

a n=t heat loss) for shivering.

The ipitial values of RH (minute %two) for shivering {-0.37
kcal/min) and ccntrol ({0.74 kcal/min) decreased exponentially in
reponse to the decrease in ventilation to -0.06 kcals/min and
0.19 kcal/min respectively, For hyperventilatibn éH was
maintained at approximately 0.70 kcal/min during the entire

pericd of rewarming,
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Figure 10, Comparison of respiratory heat input (kcal/min)
during rewarming from-hypothefmia by shivering thermogenesis
(shivering), normal inhalation rewarming {(control) and
hyperventilation inhalation rewarming (hyperventilation). Other

conditions as in Figure 8.
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Mezan skin temperatur2 was Calculated from the skin
temperatures measured at the arm, chest, thigh and calf
according to the method of Ramanathan (1964), The mean skin
temperature ©of each subject was normalized, as in the field
study, relative to the temperaturse at the start of rewarming
{(Tzero), The mean skin tempsrature changes versus time for =2ach
of the revarming methods is shown in Figure 11, While there were
no significant differences between mean skin temperatures for
the different methods of rewarming studied, mean skin

tempzrature fcr shivering showed the greatest rise,

Table 9 shows the starting temperatures (Tzero) and
temreratures gains (T60) for the 4 skin temperatures monitored
in this esxperiment. No significant differences'befueen.methods
could be demonstrated for initial or final temperature at any
skin site, However, two gensral trends were apparent:

1. Initial temperatures, from highast to lowest were - chest,
thigh, arm, calf.
2., Temperature gains, from largest to smallest were - thigh,

chest, arm, calf,
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Figure 11, Comparison of mean skin temperature changes (°C)
during rswarming from'hypotheimia by shivering thermogenesis
(shivering), normal inhalation'tewarming {contrcl) and
hypervantilation inhalation rewarming.(hyperventilation). Other

conditions as in Figure 8.
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Core Iemperaturses

Core temperatures were normalized, as in the field study,
relative tc the temperature at the start of rewarming, The
temperature changes were then calculated at two minute
intervals, The average values of initial temperature {(Tzero),
magnitude of afterdrop (Tad), final temperaturs (T60), time to
maximum afterdrep (tad) and duration of afterdrop (to?) for each
rewarring method are shown in Tables 10 ({Tympanic) and 11

{(Rectal).,

There were no significant differences between methods for
initial tympanic temperature (ITzero), magnitude of tympanic
afterdrop (Tad), and final tympaﬁic temperatur2 (T60)., The tinme
taken to arrest tympanic afterdrop (i.e, dT/4t=0) was faster
(P < 0.05) for hyperventilation than for shiveiiné or control.
The duration of tympanic afterdrop was longer (P < 0.05) for
shivering than for either control or hyperventilation., The
averaged tympanic temperature variation with time during

rewarsaing is shown in Figqure 12,
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Figure 12, Ccmparison of tympanic temperature changes {°C)
during rewarming from hypothermia by shivering thermogenesis
(shivering), normal inhalation rewarming (control) and

laticn inhalation raswarming (hyperventilation). Other

b

hypsrvant

conditions as in Figure 8.
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\
Shivering recorded both a greater magnitude {Tad) and

duration (to') of rectal temperature afterdrop than the two
active rewarming methods (P < 0,05), Hyperventilation provided a
greater rectal temperature -gain (T60) than either shivaring or
control (P <0,05). The rectal temperature gain recorded by
control was greater (P < 0.1) than that recorded by shivering.
The averaged rectal temperature variation with time during

rewarsing is shown in Figure 13,
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Figure 13, Comparison of rsctal tenperature changes (°C) during
rewarning from hypothermia by>shivering thermogenesis
{shivering), normal inhalation’iewarming {control) and
hyperventilaticn inhalation rewarming (hyperventilation). Other

conditions as in Figurse 8.
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IV. Discussion

In general, results obtained from the laboratory study,
with the control and hyperventilation raswarming mesthods, were
similar to results obtained from the field study. Differences
betveen the two studies most probably result from different

environmental and experimental conditions.

Ventilation for the hyperventilation method was reduced
from approximately 50 1l/min in the field study to 40 1/min in
the laboratory study. The raduced ventilation in the laboratory
study was caused by modifications made to the respiratory
revarming apparatus which reduced inspired carbon dioxide
levels, The reducad ventilation for the labcecratory
hyperventilaticn method reduced respiratory heat input to tha
subiject., Therefore, it was expected that core temperature gains
for the laboratory hyperventilation method would be slightly
less than cor2 temperaturs gains for the field hyperventilation
rewarning method, However, the inspired gas temperatures used in
the laborarory study were slightly higher than those used in the
_field study (47°C in the laboratory study verus 44°C in the
field study) and this would tend to compensate for the lowsr

ventilation,
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Rectal temperature gains for control and hyperventilation
in the laboratory study after 30 minutes of rawarming were
almest identical to those observed in the field study. Tympanic
temperature gains in the laboratory study were similiar for
control but were smaller for hyperventilation than those
observed in the field study., Also, in the laboratory study,

rectal and tympanic core temperature afterdrops were larger.

It is thought that the smaller afterdrops seen in the fielid
study were dus to more subject movement before the start of
rewarming, Thus, in the field study, most of the afterdrop
occurred before rewarming was initiatsd. It is hypothesised that
the smaller tympanic temperature gain cbserved in the laboratory
hyperventilaticn rewarming method was due to reduced rsspiratory

heat input.

The chest and calf skin temperature gains in the laboratory
study, after 30 minutes of rewarming, wers lar§er-to thosa
observed in the field study. The higher skin temperature gains
cbserved in the laboratory study wers thought to be a result of
improved body insulation and reduced heat losses and lower

initial skin temperatures,
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Three 'inhalatiorn rewarming factors! were calculated for
the laboratory study using rectal temperature as the measurs of
core temperature; one for each pairwise comparison between

m2thods. Thase 'inhalation rewarming factors' wer=s:

4

1.Hyperventilation-Shivering = 2.8 x 10~ oc/liter
2.Hyperventilation-Control = 3.4 x 10‘4°C/liter
3,Control-Shivering = 2.0 x 1074 oc/1iter

These valu=s were smaller than the inhalation rewarming
factor calculated in the field study. A possible explanation is
that due to the longer duration of this experiment core
temperatures were no longsr increasing in a linear fashion and
rewarming rates werse dscre2asing and thus converging as the core
approached no;mal temperature (Figures 12 and 13) . If
*inhalation rewvarming factors' were calculated after 30 minutes
of rewarming {cors tempsratures showed linear increases to 30
minutes) then closes agreement bhetween the field aﬁd laboratory

study occurs.

It should be noted that the calculation of core rewarming
rates assumes linear increasss in core temperature., Howaver,
physioclogical systsms are inherently non-linear, In the field
study, the linear model for core rewarming was reasonable as

normal body temperatures were not clos2ly approcached, In the
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laboratory study, due %o th2 longer rewarming period the rate of
gain of core temperature decréased as normal core temperature
was approached, Hence a linear model of core rewarming could not
k2 applied. Non-linear modelling of core temperatures, mean skin
temperature and oxygen uptake during rewarming is pressnted in

Appendix 1.

The only treatment difference between the three rewarming
techniques used in the laboratory study was respiratory heat
input, Contrary to the assumption mades in the field study and
the findings of Marcus (1978), metabolic heat production (ie,
shivering thermogenesis) was significantly reduced (P < 0,05) by
respiratory heating. Using the data summarized in Table 12, a
negative correlation was calculated between mean respiratory
heat input {(RH) and mean metabolic heat production (MH) as

described by the following equation:
MH (kcal/hr) = 207.6 = 1.41 RH {kcal/hr) r=0.99 (3)

It is assumed that this reduction in MH was caused by
changes in RH as mean skin temperatures were similiar during
each rewarming method. Thus the reduced MH indicates a more
‘rapid rewarming of the central cold recegptors located in the
hypothalamus and in the spinal cord, This would occur by

conduction from the nasopharynx and circulaticn of warmed
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arterial bloecd {Hayward and Steinman, 1975; Cecllis, Steinman and

Chaney, 1977).

The calculation of #HH assumes that, under the conditions of
this experiment, the contribution of anaerobic metabolism to the
total metabolic heat production were small and any differences
among methods were not significant, It is recognized that
anaerobic metabolism does occur in severe hypothermia as
gvidenced by the low pH often recored in such cases (Black,
Vanderanter and Cohn, 1976). However, no data is availabls for
mild hypothermia, The difficulty in obtaining venous blood
samples, due to the intense vasoconstriction during hypotharmia,
made this procedure undesirable, In this study mean skin
temperatures rose rapidly during rewarming (Figure 11) arnd
differeonces in mean skin temperatures amcng methods were small,
Thus, the rapid restoration of peripheral blood as shown by the
rapid rise in mean skin temperature indicates that substantial
anaerobic heat production was unlikely. If anasrobic metabolisn
did occur to any significant degree, the lack of differences in
mean skin temperature among methods suggests that anaerobic
metabolism occured to a similiar degres in all methods and

therefore would rapresent a constant error.
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Equation 9 implies the tctal heat available for rewarming
{TH) would bes rs=duced as RH is incr=ased. Additionally equation
9 implies that, on average, for every kcal of heat supplied via
the respiratory tract, 1.4 kcal of MH is forfeited, It is
remarkable therefores that RH ehhanced the cors temperature
recovery from hypothermia as shown in Tablas 10 and 11. If RH is
of =qual or less value than MH in causing core temperature to
increase, then it would be =sxpected that as RH is increased cors

temperature gains would decr=ase,

Core tempasrature gains were not reduced by increased RH
despite reductions in MH and TH, For exanmple, using the
hyperventilaticn-shivering differences (Tables 12),
hyperventilaticn with an additional 40 kcal of RH produced
greater gains in core temperature than shivering, despite a
reduction in MH of 71 kcal and a reduction in TH of 31 kcal.
Also, using the hyperventilation-control differences,
hyperventilation with an additional 20 kcal of Rﬁ produced
greater gains in core temperature than control, despite a
reduction in MH of 36 kcal and a reduction in TH of 16 kcal.
Finally, using the control-shivering differences, control with
an additional 20 kcal of RH produced a greater gain in rectal
core temperature and a similar gain in tympanic core tempefature
t6 shivering, despite a reduction in MH cf 35 kcal and a

reduction in TH of 15 kcal.
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These results suggest that RH is more effective in
producing core temperature qaihs than MH, This is likely
explained by RH being delivered directly to the central core
{ie. he=ad and chest) while MH from shivering is producsd largely

in the periphery.

To quantify the contributions of RH, MH and TH to cors
temperature gain, the core heat input (CH) necessary to causa
the observed rasctal temperature increases were calculated using

Burton's (1935) estimate of core mass,

W

CH T60r x 0.83 x core mass {10)

where T60r rectal temperature increass during rewarming

H

0,83 specific heat of the body (kcal/®C/kg)

core mass = 0,46 x body weight

The percentage of TH supplied to the coreiincfeases from
10.7% during shivering to 14,7% during control and to 24,9%
during hyperventilation. These results again suggest that RH is
more effective in producing core temperature gains than MH

alone,
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In order +o calculate the sfficiency <f RH in terms of cors
heat gain it was assumed that the same percentage of MH was
supplied to the core in the controcl and hyperventilation
procedures as in the shivering case, where TH is entirely
metabolic heat, The difference between the metabolic
contribution {i.e. 10.7% of MH) and CH is that supplied by RH,
The eofficiency of RH is then exprassed by the following

eguation:
Efficiency of RH = {{CH - 0.107 HMH)/ RH} x 100% (1N

In the control treatment, it was estimated that 47.7% of
the RH was supplied to the cors and, in the hyperventilation
treatment, it was estimated that 65,1% of the RH was supplied to
the core, When these efficiencies are compared with the 10.7%
efficiency of MH, then, in the control treatment, RH was 4,5
times as effective as MH in elevating core temperature and, in
the hyperventilation treatment, RH was 6,1 times aé effective as

MH in elevating core temperature,

The accuracy of Burtoa's (1335) estimate of cors mass is
justified in Appendix 2., It should be noted howaver, that the
relative efficiency of RH to MH is relatively insensitive to the
value of core mass chosen., The observation that the %TH supplied

to the core increases as RH increases is significant regardless
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of the weighting assigned to core mass (P € 0.05).

A considerable body of evidence suggests that in cases of
severe hypothermia active peripheral revarming can be hazardous,
and circulatory collapse is ccmmon in the early post-rescue
phase (Truscott, Firor and Clein, 1373; Tansey, 1373; Keatinge,
1969; Golden, 1973; Burton and Edholm, 1955; Gregory and
Doolittle, 1973; Marcus, 1979). The reason generally given is
peripheral vasocdilation, Peripheral vasodilation allows cold,
acidotic blood trapped in the periphery to return to the cors
thereby accentuating "afterdrop® of core temperature. The major
reasons inhalation rewarming has been promoted as a therapy for
hypethermia are that as inhalation rewarming rewarms the core
before the periphery it should avoid or reduce hazards of
afterdrop, the method is compatible with first aid (£field)
applicatiocn by non-medical personnal and is safe for all levals
of hypothermia. However, Golden and Hervey (1977) claimed that
cere temperature afterdrop is a siaple conduction ﬁf heat down a
physical gradient and not dne to peripheral vasodilation. Cooper
and Ross (1960) found that rapid active rewarming will effact
the duration of core temperature afterdrop but not its

magnitudse,
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Marcus ({1378) showsd no differences in the magnitude or
duration of af+terdrop of tympanic temparature beiween inhalation
rewarming, shivering thermoqeneéis, hot bath rewarming and piped
suit rewarming., A study by Hayward and Steinman (13975) comparing
hot bath rewarming and inhalation rewarming showed no
di fferences in rectal or tympanic temperature afterdrop. Collis,
Steinman and Chaney (1977) confirmed the findings of Hayward and
Steinman {1975). Additionally howaver, they showsd significant
reductions in the magnitude of rectal and tympanic temperature
afterdrop and the duration of tympanic temperature afterdrop
when comparing inhalation re2waming to shivering thermogenesis.
The preseant study also showed significant reductions in the
magnitude and duration of rectal temperature afterdrop and in
the duration of tympanic temperature afterdrop when comparing

inhalation rewarming tc shivering thermogenesis.

Therefore in terms of reducing the duration of afterdrop it
would appear that inhalation rewarming is as effeétive as hot
bath rewarming., The present study and the study conducted by
Collis, Steinman and Chaney (1377) both demonstrated significant
differences in core afterdrop between inhalation rewarming and
shivering thermogenesis alone. While Marcus (1378) was unable to
demonstrate significant differences in tympanic temperature
afterdrop between any of the rewarming techniques he studied, it

is noted that inhalation rewarming produced the smallest
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tympanic temperature afterdrop, both magnitude and duration, of

any technique used,

An additional benifit of inhalation rewarming can be
anticipated on the basis of our results, The lower metabolic
rate caused by inhalation revwarming (Figure 9) reduces shivering
thermogenesis and therefore the metabolic demands of the
periphery, One of the hazards associated with rewarming fron
hypothermia is in meeting the metabolic demands of the periphery
before the hypocthermic heart muscle can respond to treatment
(Truscott, Firor and Clein, 1973). Thus, a lower metabolic rate
in turn lowers the perpheral cardiac output requirement thereby
reducing the risks of cardiovascular collaspe from overtaxing

the hypothermic heart.

The core temperaturss monitored in this study (rectal and
tympanic) were selected to provide an account of the changes
that occur in the thoracic core and central nervoué systen
during rewarming, However, it has been suggested that rectal and
tympanic temperature are not adequate measures of the heart and
chest blood temperature during rewarming and that esophageal
temperature offers better agresment with pulmonary artery
temperature during rewarming from hypothermia in conscious man
(Hayvard, 13979) ., It would be expectad frcm the results of

Hayward and St=inman (1975) that the diffsrences batween
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treatments shown in this study would be sven greater had
esophageal temperature been used as a monitor of core

temperature,

In conclusion, increasing the respiratory heat input to a
mildly hypothermic subject will cause an increase in rectal and
tympanic core temperature elevation, The core temperature
elevation occurs despite a reduction in metabolic heat
production and in the total heat available for rewarming. The
percentage of the total h2at supplied to the cors must therefore
increase as respiratory heat input is increased, Theoretical
consideration indicated that respiratory heat is approximately 4
to 6 times as effective as metabolic heat in producing cors
temparature elsvations, Also, inhalation rewarming reduced core

temperature afterdrop compared to shivering thermogenesis.
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E. SUMMARY

The following main points were deduced as a result of the

vork carri=d out.

1. The increase in core temperature dus to inhalation rewarming

4 4°C for each

was estimated to be between 2 x 10 and 5 x 10
litre of warm, saturated air ventilated,

2, Incr=2asing respiratory heat input to mildly hypothermic
subjects increased the core temperature gain during rewarming,
despite reductions in metabolic heat production and in the total
heat available for rewarming.

3., Heat provid=d to mildly hypothermic subjects via the
respiratory tract was 4 to 6 times more effective in elevating
cor2 temperature than metabolically produced heat,

4, Inhalation rewarming was a significant improvement over
shivering thermog2nesis alone as a therapy for‘hyéothermia. In

addition to being more efficient in rewarming the core, core

afterdrop was reducsd,
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APPENDIX 1

Exponential Hodelling of Laboratory Rewarming Data
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311 data selacted from the laboratory study was modsllad by
either single or double exponantials, Mean skin temperature and
oxygen uptake were modelled by single exponentials, Msan skin

temperature was modelled by an exponantial curve of the form

T = A{1 - exp(~-kt)) {12)

where T temperature at time t
A = predicted final MST at t=infinity
k = exponential rate constant

t = time

The only difference between the expcnentials which describe
MST (Table 13) during the threa2 rewarming methods was the
predicted final MST. The predicted final MST for shivering was
larger than for either control or hyperventilation. This implies
a faster rate of mean skin temperature gain in shivering and
also implies final skin temperaturs would be greater, However,
as the body approachs normothermia other physiologic mechanisnms
{cessation of shivering and skin vasodilation) would affect
final skin temperature. In addition, the predicted final MST was
close to the expsrimentally observed final MST and in analyzing
the experimental data no significant differences could be found
among methods for final MST, Thus the predicted final MST has‘
dubious value as a predictor. Based on the shape of the obser#ed

MST curves (Figure 11) the predicted fipal MST would appear too
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low, It may be that a sirgls exponzntial is not complex encugh

to truely define MST during rewarming,

Oxygen uptake was modelled by an exponential curve of ths

form

VO; = A(exp (-kt)) + B (13)
where @02 = opxygen uptake at time +
A+ B = value of VO, at t=0

k

il

exponential rate constant

W

B resting metabolic rate (RHMR)

The exponentials modelling oxygen uptake (Table 13) verify
+he analysis made on the raw data, The predicted initial valus
of oxygen uptake is higher for shivering thanm the other two
methods but it may be artifically high due to0 a plateau at
maximum shivering intensity. The rate constants show that oxyg=n
uptake declines most rapidly during hyperventilatién, followed
by control and then shivering., It is alsoc noted that the
predicted RMR is highest for hyperventilation, followed by
control and then shivering, This may reflect differences in the
work of breathing in the case of continued hyperventilation or
ﬁay b2 random deviation of the predicted RMR obtained from the
datd sets or may be due to the higher body temperatures produced

by the active rewarming methods (Q10 effact),
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Single exponential modelliﬁq was not attempted on the core
temperature data becauss the afterdrop phenomena could not be
included in such a model, While the temperature increase phase
of the core data could be modelled by a single sxponantial
different time intervals would have applied to the curve fit of
each method thus making comparison difficult. To model the
complete core temperaturs curves during rawarming a double
exponential was fitted to the mean data (Table 14), The first
exponential represents the warming function while th2 second

represents the cooling or afterdrop function,

T = a(1 - exp(=at)) - B{exp{(-bt) + 1) I
whera T = temperature at time t

A = asymtote for warming exponential

a = exponential rate constant for warming

B = asymtote for cooling exponential |

b = exponential rate constant for cooling

A - B = predicted final cor2 temperature

In gen=ral, the model offers a good fit tc the experimental
results, For rectal temperature, hyperventilatior has the
hiéhest predicted final temperature {A - B) followed by control

and then shivering, The mod2l predicts the magnitude and
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duration of rectal temperature afterdrop is greatest for
shivering and least for hyperventilation, For tympanic
temperature, hyperventilation has the highest predicted final
temperature, followed by shivering and then control. Differencses

in tympanic temperature afterdrop are not apparent.

The model is difficult to intrepret beyond 60 minutes,
perhaps because the model is too simple, As normal body
temperature is approached several physioclogical responses occur,
the most important of which are p2ripheral vasodilation,
increasad skin blood flow and increased body heat losses., It is
doubltful this simple model can account for all the
physiological changes which occur as normal body temperature is
approached, as they are not fully represented within the time
pericd of the experimental data, but rather would tend to
materalise at times greater than 60 minutes in response to

normothermia being attained.
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APPENDIX 2

Calculation of Msan Bedy Temperature

and Changes of Body Heat Content
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To verify +hs applicability c¢f Burton's {(1235) =estimatszs of
core mass t0 the present study the weighting coefficients of
mean body temperature were calculated, Mean body temperaturse

{(MBT) is generally given by the equation:

MBT = (x)Tr + {1 - X)MST {15)

where Tr = rectal temperatus

MST mean skin temperature

i

Several studies have been carried out to deatermine the
value of (x). Burton and Edholm {1355) fourd (x) to be 0.7,
while Hardy and Dubois {1938) found (x) to be 0.8. Stolwijk and
Hardy (1966) confirmed ths value of (x) to b2 0,8 im a in a hot
environment, Livingstone (1967) and Celin, Timbal, Houdas,
Boutelier and Guieu (1971) have demonstrated that the relative
masses of cors and peripheral tissues can vary according to the

heat load,

The most appropriate valus of {x) for the laboratory study

was determined by the following procedure:

1+ Three values of (x)}) 0.50, 0.65 and 0.80 and the measured
gains in Tr and MST (Tables 9 and 11) were used in equation 15
to compute the increment in MBT (AMBT). This value was then

substituted into eguation 16 to calculate the total heat input
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{THc) necsssary to =levata HBT‘bT the computed increnent,

THc = AMBT x 0,83 x Body weight (16)
Applying a total heat balance according to the sguation:

THc = MH + RH - HL {(17)

where HL represents heat loss from the skin surface, then the
correct value of THc should be that neccesary to obtain
equilibrium,

2, A linzar regression analysis of differences betwsen THc and
{MH +EH) {Table 12) and the chos=sn values of (x) was then
calculated.

3. The best estimate of (x) was taken to be the value which gavs
a difference (THc - {MH +RH)) of 20 kcal, representing the
estimated heat loss during revarming (i.e. HL = 20 kcal) . Heat
loss estimates were obtained from three subijects using four heat
flow transducers (Thermonstics, HFT-A) placed over the skin at
the same sites used for skin tempsrature msasurement,
Differences in heat losses between methods were assumad to bg
small dug to the similiarity of mean skin temperaturses and
environmental conditions during all rewarming experiments, The
details of this analysis are shown in Table 15, The appropriate

value ¢f (x) thus obtainasd was 0.75, giving the equation
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MBT = 0.75Tr + 0,25MST (18}

The above analysis was used to check the validity of Burton's
(1935) estimate of core mass under the conditions of the present

study.

Burton (1935) astimated that the body was 46% core and 54%
periphery. Burton further assumed that mean peripheral
temperature was half-way between core (rectal) and mean skin
temperature, Thus it can be deduced that mean body temperature

mist be

MBT

0.46Tcore + 0.54Tperiphery {19)

0.46Tr + 0.54 {(0,50T7r + 0,50MST)

0,73Tr + 0,27MST

The above formula, baszd on the assumpticons of Burton
{(1935) is in close agreement‘with that derived ﬂireétly.from the
experimental data for mean body temperature based on total body
heat balance (equation 18). It would appear therefore from the
above analysis, for the conditions of this experiment, the use

of Burton's estimate of core mass is justified,
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