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effects of feeding (10-15Z), altered deep body temperature (hyper/hypothermia)
(v12%/°C), but not heat loss per se, nervous tension (anxiety V\75Z); in the
cold, muscle tension increases metabolism (simple isometric contyaction by up
to 200% and shivering by up to 500%); sweating may or may not ev increased
metabolism, with any slight rise perhaps being masked by a decreaje in the cost
of maintaining vasoconstrictor tone. Working metabolic cost in amy environment
primarily appears to be independent of environmental temperature and a simple
function of the square of the velocity of movement times the weight of the
body plus clothing worn; in addition, with bulky cold weather clothing there is
another 15Z increase as a result of its "hobbling" impediment to movement.
There are substantial effects of environmental terrain, with sand doubling and
deep snow (20 cm of snow foot print depth) tripling the metabolic cost of walk-
ing at a given speed on a treadmill with a constant level of protective cloth-
ing. Finally, physical exhaustion from such high work loads, or incipient heat
exhaustion from inability to eliminate heat being produced during work in cold
or heat, or gained from a hot environment, can result in gross locomotor in-
efficiencies; energy costs can double from staggering or fighting to stay on
ones feet. In summary, apart from: a) altered muscle mass and dietary influ-
ences, b) anxiety, altered posture or change in deep body temperature, c) muscle
tensing or shivering and d) the mechanical effects of terrain, clothing weight
and hobbling, or inefficient locomotion, we can conclude that ambient tempera-
ture per se (aud acclimatization to it) does not appear to have any significant
effect on metabolism per se.
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Effect of Environment on Metabolism
Ralph F. Goldman, Ph.D. US Army Research Institute of Environmental Medicine,
Natick, MA 01760, USA

ABSTRACT g

Three different states must be distinguished to look for effects of environ-
ment on metabolism: changes in the basal state should reflect effects of
adaptation; changes at rest in the environment in question would reflect direct
thermal effects; changes during work may reflect mechanical effects associated
with the given environment. By definition, the basal metabolic rate in normal
individuals should be indepeadent of ambient environmental influences;
contributions to the = 40 kcal/m“shr (0.8 MET) BMR include~ 0.1 MET from the
central nervous system, ~0.2 MET from the cardiovascular a1 respiratory systems
and ~0.5 MET from the remaining tissues comprising the lezn body mass, at about
1.25 kcal/hr per kg of LBM, with muscle being a primary contributor. Fat is
generally considered a negligible contributor to BMR, so changes in body fai may
not alier BMR, but changes in muscle mass (i.e. increases @s a result of increased
work demands or decreases as a result of inactivity or inadequate nutrition) will;
seasonal changes in BMR are frequently reported, but only cccasionally attributed
to altered physical activity or diet. Many factors alter resiing metabolism in any
environment: postural changes (5-10%), thermic effects of feeding (10-15%),
altcred deep body temperature (hyper/hypothermia)(~12%/ ), but not heat loss
per se, nervous tension (anxiety ~75%); in the cold, mu:cle tension increases
metabolism (simple isometric contraction by up to 200% «nd shivering by up to
500%); sweating may or may ot evoke increased metabolizm, with any slight rise
perhaps being masked by a decrease in the cost of maiini~ining vasoconstrictor
tone. Working metabolic cost in any environment prirarily appears to be
independent of environmental temperature and & simple furciion of the square of
the velocity of movement times the weight of ihe body j:lus clothing worn; in
addition, with bulky cold weather clothing there js another 15% increase as a result
of its "hobbling" impedimeni to movement. There arc substantial effecis of
environmental terrain, with sand doubling and deep snow (20 =m of snow foot print
depth) tripling the metabolic cost of walking at a given spcad on a treadmill with a
constant level of protective clothing. Finally, physical exh:ustion from such high
work loads, or incipient heat exhaustion from inability tc eliminate heat being
produced during work in cold or heat, or gained from a hot <nvironment, can result
in gross locomotor inefficiencies; energy costs can doublc from staggering or
fighting to stay on ones feet. In summary, apart from: a) =!icred muscle mass and
dietary influences, b) anxiety, altered posture or change in =ep body temperaiure,
¢) muscle tensing or shivering and d) the mechanical effc: s of terrain, clothing
weight and hobbling, or inefficient locomotion, we can <onclude that ambicnt
temperature per se (and acclimatization to it) does noi appear to have any
significant effect on metabolism per se.
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INTRODUCTION:

An extensive literatur: exists on the interaction between environment and
metabolism; some studies suggest increases, others decreases and still others no
changes in metabolism as a result of exposure to a given thermal environment.
These conflicting results can sometimes be attributed to problems of experimental
technique, subject anxiety, improper basis for comparison, flawed experimental
design, etc., but frequently the problem is in the definition of an environmental

effect.

Use of different techniques (or the saimnc techniques by different investiga-

tors) for measurement of metabolic rate in otherwise comparable siudies, or even
within a single study because of difficulties of transporting laboratory personnel
and equipment to the field, can lead to erroiicous suggestions of small environmen-
tal effects on mciabolism. Determinations of BMR in a large series of Korean
subjeéts (34) gave a relatively "standard” veluce of 40 kcal/mz. hr using a Sanborn
metabulator compared to ~ 38 kcal/mzo hr using a Douglas bag and Scholander
analysis technique. This 5% difference in BIVI2 is comparable to the .49 found by
Swift between ihe 2% hcur energy expenc:iure assessed by direct and indirect
calorimetry (as reported by Garrow (18)). While this demonstrates the reproduci-
bility of metabolic rate determinations on groups of subjects, and demonstrates a
validity for the indirect approach, it alsc documents the potentia! discrepancy
between techniques under the best of laboraiory conditions. Field esiimates of the
24 hour activity regimen by subject diaries inintained on a minute to minute basis
(42) or filled out every few hours (4, 14) are ccitainly better than end of day recall
(35), but anything would be preferable i tlic 0o frequent statemeiri that activity

was comparablc in boili periods (or environroiits); however, envircnimental effects
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on metabolism have been inferred from even less documented studies. Edholm (14)
clearly demonstrated that energy expenditure of li'military cadets all under the
i | same living conditions and performing similar activities varied by about 100%, from
~ 2400 kcal/day to ~ 4800 kcal/day; in this same study, while food intake ranged
between 2400 kcal and 5500 kcal it was not correlated with energy expenditure.
One of the key papers suggesting an effect of environment on metabolism (32) was
based on field surveys of food intake at military camps in hot, temperate and cold
environments. F ../, subsequent studies (55) showed litile difference in caloric

intake across hot, temperate and cold environmenis, particularly if adjusted for

body weight and the weight of clothing; a caloric intake of 47-49 kcal/kg. day was

associated with moderate work in all three climates. Other workers have
attempted to develop corrections in the laboratory for the weight of cold weather

clothing worn in the field, but estimating the caloric cost ¢f work in heavy arctic

clothing using a bicycle ergometer (22) can lead to . scrious underestimate of the
caloric cost of work while walking in such clothing o a treadmill (52); furthermore,
even walking on a treadmill with the complete 12.7 kg of U.S. Army uniform
ensemble worn in the Arctic can give no hint on the cost of walking on snow.
Subject anxicty is seldom remarked upon in reports of metabolic studics,
despite the finding (53) that with repeated measuremenis or well-trained subjects,
the basal metabolic rate averages some 6% below the classic Mayo foundation
standards (9). Gorrow recently demonstrated (1&) a near doubling of resting
metabolic rate upon a "ternporary anxiety" but minimal physical disturbance of a

subject, with the reiurn to the initial resting value delayed for about 45 minuies.

Renbourne (persciia! communication) reported a miked, acute increase in oral
temperature in a grovp of volunteers who viewed a shoit, puiposely gory, movic of
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venipuncture just prior to their proposed donation of blood. It seems probable that
the reports of very high resting metabolic rates in Eskimos (or other native
populations) can be in part explained in terms of their response to an investigator
approaching with ncse clip, mouthpiece, valves, etc., as well as in terms of an
environmental response or in terms of response to the 25 to 30% of the Eskimo
dietary calories as protein (31,45).

Further confusion has been wrought, unwittingly, by the adoption of various
bases to normalize metabolic rate for inter- or intra-individual differences.
Height, weight, body surface area (by a variety of formula<), ponderal index, body
mass index, and various estimates of lean body mass or fat free body weight have
all been used. Durnin (13} concluded that there was no purpose in using surface
area rather than body weight as a reference, based on a corrclation of 0.92 between
body weight and standing surface areca and the correlaiions between energy
expenditure while walking on 2 treadmill of 0.77 with body weight and 0.78 with
body surface area. Other authors (44), in a study of such reference bases, reported
no differences in correlation between oxygen consumpiion and weight, lean body
mass, body surface area (by four different formulac) or body mass index
(weight/heightz); all gave r values beiween 0.61 and 0.65 which suggests that only
about 40% of the metabolic rate (i.e. r2 = 0.4) in this carciul laboratory study could
be related to these reference bases. In this same study, o crude estimate of lean
body mass (LBM) gave about the same r value. Miller and Blyth (38) found BMR
correlated as r = 0.92 with LBM, using an improved estimate of LBM, contrasted
with 0.54 when correlated with surface area and 0.85 with weight; they found
correlations of about 0.8 beiween LPBM and bdth weigh! and surface area, and

attributed much of the validity of ihe latter two for metaholic reference standards




to their correlation with LBM. In correcting their caloric requirements across the

different environments studied, Welch et al. (55) pointed out that use of body
weight, per se, as a reference base implied a relatiohship that only existed during

physical work; they used body weighto'7

as their unit of reference for resting
metabolic rate following the concept of Galvao (17); in their study on variation in
metabolism with changes in food, exercise and climate (4), the difference in resiing
metabolic rates between climates was not significant when this base was used.

Experimental designs which use different techniques in the different
environments, or which involve groups of subjects who differ in their familiaiizy
with the procedures, or which fail to balance order of environmental exposures
using the same subjects, can obviously introduce serious errors from differences in
anxiety level associated with unfamiliarity with tecinique, procedures or environ -
ments. Failure to balance designs to compensate for changes in body weig'it,
whether induced by the differing work demand: of the environment or Iy
differences in dict asscciated with the environment, can also introduce errors.

A majoi source of difficulty in defining any influence of environment o
metabolism is simply in the definition of an environmental effect. Failure to
distinguish environmentally associated differences in body weight, activity pat-
terns, physical demands, diet, restlessness, anxiety, clothing and/or loads carried,
circadian effects and the like, can lead to the conclusion that there is an
environmental effect of heat or cold per se on metabolisin when, in fact, there i:
only an effect of onc or more of these environmentally associated factors. /s

shown below, such imprecision in the definition of "environmental effects" o

It seems appropriate to dissect any attempt to cvaluate environmc !




effects into three distinct areas of metabolic response: changes in basal metabolic
rate, in a thermoneutral environment, should only reflect effects of adaptations by
the body tissues in response to the various stresses of an environment; changes in
resting metabolic rate, in the environment in question, should also reflect direct
thermal effects on the body; changes in metabolic rate during work might well
mask such adaptation and/or direct thermal effects, while revealing mechanical
effects associated with the environment.

BASAL METABOLIC RATE

By definition, the basal metabolic rate is that of an individual in a neutral
thermal environr;xent, at least 12 hours posi-prandial, at ease both mentially and
physically. It is usually determined in thc carly morning, when it is lowest,
preferably on firsi waking (or even siill somnolent as in our studies) but, in any
event, should be taken at the same time of day (1). If studies involve the rapid
transfer of ifhic subjects across time zones 1o new climates, therc may be an
additiona! problem since the period for circadian adjustment of PME may or may
not fit the 2 to 3 hours shift per day rule of thumb for resctting the general
physiologica! responses to rapid time zone transiccation; the ~ 1°C circadian change
in deep body temperature at rest could produce a variation of ~12% in measured
metabolic rate during the first few days following transport, if time of day (as
sensed by the body) is not controlled.

Early siudies suggested that, at rest, the central nervous system utilized
about 46 m! of O2 per minute, the kidneys about 14 ml, the liver about 35 ml and
spleen and intestines perhaps 18 ml in the fasting state, bringin;; the toial to about
113 m! OZ/min (2). This is half the usual siandard BMR value of 750 ml 02/min

(=72 kcal/hr or 0.8 MET, where 1 MET js defined as a heni production of 50




kcal/m2 hr); the cardiovascular system (heart) and respiratory muscles require an
additional 40 ml per minute at rest (1). Thus about ’1896 of th: BMR is accounted
for by the demands of the CNS, about 27% by the digestive and excretory systems,
and about 16% by the circulatory and respiratory systems, 'caving 39% for the
remaining body tissues. Fat, perhaps erroneously, is gen.:rally considered &
negligible contributor to the BMR, so most of this 39% reflecis the demands of the
remaining tissues comprising the lean body mass, with skeleri! muscle being the
primary contributor. Thus, as suggested by Rubner in 1¢.7 (46), the tissues
comprising the lean body mass are the primary source of basc’ rictabolic demands,
at a rate of about 1.25 kcal/hr per kg of lean body mass.

If we look at these sepaiate components contribuiing to the BMR, thers
seem: little likelihood that their demands in a thermoncuis | Cnviconment in &
fasting statc are apt to be alicred unless there is a significant <1 nge in their mas
or in ihe basic control mechanisms that limit cell respiratic v znd function. A
shown in Figure 1, redrawn from data of Tzankoff and Norris "), the contribution
of non-muscle tissue to the total BT is relatively consiant . cughout life, whils
the muscle tissue contribution falls by about 3.7% per decadc o° life (after ~30) in
an earlier report (53), they showed that these age related dc ~2ases in BMR wei«
totally accounted for by concurrent decreases in the mass of =iabolically active,
creatinine producing skeletal muscle. Thus, any alteration ¢ iiuscle mass should
produce a corresponding alteration in BMR. Differing cnviic noats can result i

altercd physical work demand-, and ihe resultant, unplanned [ ysical conditioning

can alter muscle mass, with litile notable weight-change as 1 <le tissue replace:
fat. Mciougall et al. (36) recently showed increases in arm < nference 1%

and in mu:cle concentrations of cicatine (~39%), ATP (~18% . glycogen b 66%.
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after five months of elbow extensor training, and decreases of ~5% in circum-
ference and of ~40% in glycogen after 5 weeks of arm immobilization. As shown
below, energy costs can double simply walking over sand, or can triple over snow
with the added burden of heavy clothing: the increased muscle mass associated with
the increased work demanded by living in extreme environments could therefore
readily account for the early reports of a slightly increased BMR in man in the cold
(7,28,51).

Altered regulation of metabolism at the cellular or sulcellular level could
also account for an increase in BMR. Curreni research suggests that heat
production at the cellular level has three components: an cssential heat associated
with the continuous catabolism-anabolism cycles of body tissue turnover; an
obligatory heat associated with various transport cycles {e.g., the Na pump); and, in
homeotherms, regulatory heat rcquired for temperature regulation. My interpreta-
tion of these {undamental mechanisms, based largsly on th: work of Girarmer,
Rossier, Seydoux and others (59) is presented in Figure 2. 7These multiple paths
which link oxygen, substrate {(c.g. glucose) and, chemical cnergy stores (e.g.
ADPATP) have varying efficiencies, with about 39% of the energy change
storable for eventual use (and release as heat then) and about 61% appearing as
heat directly.

While such mechanisms could change in response to envionmental exposures,
U.S. Army laboratory studies involving cold acclimatization of men in climatic
chambers, showed no change in BIMR for groups of men studic! either at the end of

the summer or at the end of the winter (11). Indced, in cnotior study of chamber

cold acclirmation (33), not only was BMR the same before @0 Tter the acclimaiion
period, lut rcsting oxygen upiake only increased by abe i 7% after acclimati.
zation during infusion of norepincphrine; the drug produccd o elevation in blood
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pressures (with bradycardia) and the subjects were aware when infusion was started

so that the increased vasomotor tone and/or associated anxiety could have
accounted for some -- or all -- of this slight elevation. Brown fat, a major site for
nonshivering thermogenesis in response to norepinephrine modulation of sodium
transport and intracellular pH as suggested by Chinet (59), has not been reported in
man. Although Rubner, as early as 1902 @6), suggested that man exhibited
chemical, i.e. non-shivering heat production, temperature regulating mechanisms,
it seems reascnable to suggest that it is primarily the modifications in peripheral
blood flow which enhance comfort following cold acclimation (60). Even in small
Arctic mammals, acclimatization to wint: does not usually elevate resting
metabolic rate in a comfortable environmen: {26). Thus, despite the clder view
that BMR is ncgatively correlated with aveir: ;i iemperature -~ wiih cacl: °F from
a mean 70°F bLase assumed to change B/ Ly + kcal -- it seems mor« reasonable to
conclude that there is no meaningful ¢ffcc: of cold on BMR, #nd that studies
suggesting such changes have reflected alic ation in diet (which can chinge BMR
(5,45)) or in lean body mass in response ito the activities demanded by the
environment.

There are siudies suggesting decrcased BMR in response to living i the heat
but, as suggested in Figure 2, little reason to anticipate any as long as the BMR is
measured in a truly thermoneutral environineni and there is no change in active
body mass as a result of altered activity level, no change in diet (5), and no change
in endocrine lcvels.

RESTING METABCLIC RATE:

Resting mctabolic rate in a thermoncutal environment should Le cxpected to
be essential!y independent of environmenia’ iofluences, except for o o effects




cited above for BMR; changes in active tissue mass would also alter resting
metabolic rate and the nature of the diet and the time since the last meal can
substantially alter resting metabolic heat production (4,5,18). Scholander et al.
have suggested that the "critical air temperature", (i.e. for comfort and to avoid
shivering), which for a naked man is 27-29°C, is the same for peoples whose
evolution has occurred in contrasting climates (47), and other studies (4) have
shown no difference in resting metabolic rate across desert, temperate and arctic
environments. Postural changes induced by exjosure to a hot or cold environment,

with people at rest in the cold tending to cur! up (foetal position) to minimize the

3 exposed surface arca and at rest in the heat o “spread eagle" to exposc as much

surface as possible to the environment, can aiter heat production at rest by soin«

Lol an

three to five percent. I gencral, however, i csiing metabolic rate of nude and/o-
clothed men is unaffcctied by environments from 22-35°C during the first hovrs
; (16,25,57). A non-thermoneuiral temperature can, however, have a much more
substantial effect on resting metabolic rate “han simply this postural change. I

decp body temperaiure is alizred, there is a corresponding alteration in metabolic

rate (50); an increase in body temperature o 1°C, whether the result of febrils
disease or body heat storage at high ambient temperatures, increases metabolic
rate by about 12% (i2) as a simple result of the Arrhenius logarithmic increase in
: the velocity constants of some of the mechanizins shown in Figure 2.

In the cold, the gencralized increase i muscle tone that precedes shivering
(6), can substantially increase oxygen consiinntion. Also, voluntary isometiric
contractions can increase heat production; an isometric contraction whic!
subjectively simulaiod ilic icnsion sensed in 1 cold, increased heat produciion |

36% (51). Shivering, which begins locally and only giadually recruits involvem
(34 (&) o 2»
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of the entire body, can increase "resting" heat production to a 425 kcal/hr level
(30,51). However, shivering is not a successful defense against cooling for a nude
man; shivering is generally preceded by pilo-erection, usually remarked as "goose
flesh", in a vestigial attempt both to increase the thickness of the external air
layer and to protect it from being decreased by the body motion which accompanies
shivering. In the absence of a fur coat, such pilo-erection is ineffective in
preserving or increasing the thickness of the insulating trapped air layer which
surrounds an inactive individual and, since shivering also eficctively disrupts the
vasoconstrictive insulation between the body's skin surface and its heat producing
core, an individual (particularly one with a thick subcutaneous fat insulative layer!
who shivers may increase his heat loss to a greater extent than his heat produciion.

The stimulus for shivering usually originatcs as a fvnciion of mean ski
temperature (Ts), but the rate of change of skin teinperaiure inay be as imporiar *
as its absolute level. Shivering is also modulated by deep body temperature (’l'm':'
levels; ingestion of one liter ¢ icc water shortened the tim to onset of shivering
by six minutes in one study (10). tlayward et al. (27} have rccenily suggested that
the steady-state metabolic roie (M in W/kg) of a non-ex-icising man could be
predicted as:

M =.0314 (T - 42.2°CXT, - 41.4°C)

where the equation is "limitcd by the low level of BMR (I.1 7/kg) and by the high
level of peak metabolic rate (6.2 W/kg)"; the kg reference is to the total bLody
weight rather than the metabolically active lean body mass.

There are considerable inter-individual and intcr-ethi’: group differences i
the meiabolic response to cold cxposure. Hardy and Du 1o {24) found an et

metal.olic increase on cold exposure of women than imen, @1 | there are substantis




T

S D

11

differences in body cooling and heat production as a function of subcutaneous fat
thickness (3,60), as a function of acclimation or acclimatization (48) and as a result
of the adaptive responses of various ethnic groups (47,58). Although the latter
frequently reflect enurement to discomfort or clever use of behavioral mechanisms
like sleeping next to a fire (61) or sleeping with a narcotizing leaf under the tongue,
two different generalized types of response have been suggested: a metabolic
response, with increased heat production (#&} and an insulative response, primarily
involving endurarice of a greater fall in skin temperature (49).

A smal! effect on resting metabolism i the heat is frequently reported; Pitts
(#3) reported =i increase of up to 7 kcal/hr while standing, and most authors find
small decreases at rest in the heat (56). Tie changes reported appear compatible
with altered circulatory demands; aliered vicomotor tone and perhaps a diversion
of blood from: the muscle and other deep “iccues to the skine An accompanying
increase in anaciobic metabolism, as sugpccied by Williams et al. (56), could
explain the changes in resting metabolism it the heat but, while changes in excess
lactate (29) can be measured for a reazonzhlc level of work in comfortable, in
contrast with hot conditions, the magnitude of change in metabolism at rest in the
heat is generally toc small to expect to dei~ci changes in the circulating levels of
lactate and pyruvate.

In addition to the circulatory effects of heat, if hyperventilation cccurs as a
response to the heat (21), then some increzsc in ithe metabolic cost of respiration
would be incurred, particularly since respiritory work is only about 5% efficient
(39); however, this is probably already inclided as a part of the 12% increase in
metabolism per “C rise in body tenjperatt o since hyperventilation in the heat

occurs in company with elevated deep body ionperatures (8,21).
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WORKING METABOLIC RATE:

Turning finally to the consideration of environmental effects during
work, there are many "environmental" factors which alter the mechanical cost of
physical work. We (19,41) have demonstrated that the metabolic cost of walking (M
in watts) can be formulated as:

M=1.5W+20 L+W L/W 24+ LsW 1.5V2

+0.35 VG
where: W = body weight (kg)

L = load weight (kg

V = velocity (m/s)

G= grade (%)

= terrain coefiicient
I one considers the weight of protective clothing in the cold (e.g. the 12.7 kg worn
by a U.S. soldier in the Arciic), and also the effective five fold cost of the weight
of fooiwear (I kg on the foot =5 kg on the back (40)) plus the increase in metabolic
cosi as a result of the "hobbling” of the clothing, which amounts to about 15% in
addition tc the cost incurred Ly weight of such bulky clothing (52), it is clear that
the increased work demanded represents a significantly increased metabolic cost,
as well as a likely source of stimuius to increased lean body mass.
The terrain coefficient ( ) in the above formula is the empirical ratio

between the measured metabolic cost at a given speed with a given load walking on

a treadmill and the measured cost on the terrain in question. For hard packed

snow, the energy cost is increased by only 30% (i.e. = 1.3) but, with increasing
depih of footprint in soft siow, the terrain coefficient 1s greater: = 1.3 + 0.08

xcm footprint depth (41). 7The cost of walking in deep, soft snow becomes so

enormots, in fact, that the velocity must be reduced to avoid exhaustion, to a level
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where the metabolic demand is about 500 Watts; this level represents the
"voluntary, sustained hard work level" of our average military subject (41). Walking
on soft sand ( = 2.1) or in jungle terrain (heavy brush = 1.6 and swamp = 1.8) is
not quite as demanding as deep, soft snow, but there still can be potent
"environmental" demands on metabolism in a hot environment.

The excessive work demanded by operations in desert, jungle and arctic
environments, coupled with the need for protective clothing (against sun, insects
and abrasion in the heat, as well as in cold) frequenily result in severely elevated
body temperatures in arctic as well as tropic environments; with incipient heat
exhaustion, metabolic costs climb dramatically just to stay on one's feet (20).

Apart from these major, mechanica! "environmental" influences on metabolic
cost, it seems clear that there is little effcct of environmental temperature per se
on working metabolic costs. Indeed, in a Norweginn study of the effects of cold on
men exposed durii; two months above irecline with inadequate clothing, the
investigators poini out thai "in the daytime the moen could exercise all they wanted
and thereforc the problem of keeping warmn pertained largely to the night time
when they were at rest and asleep” (48). No differences were found in motabolic
costs during fixed exercise in the cold, before or after the long cold acclimating
exposure; the authors conclude that "neither during exercise nor during rest in the
cold did the acclimated men save on calories by insulating themselves with a cold
vasoconstricted shell,  Similar conclusions on the lack of regulation of heat loss
were drawn ir i carlicr study by this sarme gronp {#7). However, Wyndham et al.
(62) suggest that the inmportant mechanisms of man's long term adaptation o cold
include both # goin i v ‘ght (but they i« iermine whether the zoin was in

ly mass) and an improved tissue

subcutaneous * 1 o i1t holically act

e Rl b




| ————

14

insulation. 5

Wyndham's group (63), also studied oxygen uptake in hot-wet environments,
and found no effect of heat or of heat acclimatization on working oxygen
consumption nor even on maximum oxygen consumption in the heat, although in an
earlier study (56) they had reported that oxygen consumption at submaximal work
rates were significantly lower in the heat; the originally reported differences were
small, being on the order of 1 kcal/min. In our own studies (23), we found a
significant difference in working metabolic rate between a hot-wet and a hot-dry
condition, but the actual difference was negligible, 321 kcal/hr in the hot-wet as
opposed to 314 kcal in the hot-dry condition; these values compare to a 303 kcal/lw
value predicted ignoring any rise in deep body tempecrature. We agree wiih
Malhotra et al. (37), as shown in Figure 3, that when metabolic costs during weiic
are properly expressed per kj; of total body, load and clciling weight there are 1o
practical, and probably few repruducible differences in rictaliolic demands during
work in hot or cold environments
CONCLUSION:

Only a small portion «f the massive literature looking for environmental
therma! effects on metabolism has been presented. The literature is full of
contlicting reports; however, it scems safe to conclude that, in the absencc cf
altered diet or lean body mass, if there is no direct cold-induced stimulation of
muscle tone or shivering and if clothing weight and terrain effects are prope:! s

accounted for, there is little meaningful effect of environment on metabolism.




g

2,

3.

4.

5.

6.

7.

8.

9.

15

REFERENCES
Aschoff J. and H. Pohl. Rhythmic variations in energy metabolism. Fed.
Proc 29:1541-1552, 1970.
Bazett, H. C. The regulation of body temperatures. In: Physiology of Heat
Regulation and the Science of Clothing (ed. L. H. Newburgh) W. B. Saunders,
Phila. 1949.
Beckman, E. L., E. Reeves and R. F. Goldman. Current concepts and
practices applicable to the control of body heat loss in #ir crew subjected to
water irnmersion. J. Aerospace Med. 37:3438-357, 1966.
Buskirk, E. R., P. F. lampietro and B. E. Welch. Vari:iions in metabolism
with changes in food, exercise and climate. Metabolism 7:144-153, 1957.
Burse, R. L., R. F. Goldman, E. Danfortiy Jr., E. S.Hortcn and E, A, H. Sims.
Effect of excess carbohydrate and fat intake on resti; : metabolism. Fed.
Proc. 363546, 1977. |
Burton, A. C. and D. W. Bronk. The motor mechar’ :in of shivering and
thermal muscular tone. Am. J. Physiol. 119:284P, 1937.
Burton, A. C., J. C. Scott, B. McGlone and H. C. Bazei'. Slow adaptation in
the heat exchanges of man to changed climatic condiiisns, Am. J. Physiol.
129:84-101,1540.
Bynum, G. , K. B. Pandolf, 2. F. Goldman and J. Bull. Tluman hyperthermia
induction: Comparison of circulating waier suit with wther methods. Fed.
Proc. 26:512, 1977.
Carpenter, T. M. Tables, factors and formulas for « .aputing respiratory
exchange and biological transioriiation of energy. wnepie Inst. Wash.

Publ. 302C, 1964.

el




I

T TITTY

10.

1L

12.

13.

lu.

15.

16.

17.

18.
19.

20.

21.

16

Carlson, L. D. The adequate stimulus for shivering. Proc. Soc. Exptl. Biol.

Med. 85:303-305, 1954.

Davis, T. R. A. Chamber cold acclimatization in man. J. Appl. Physiol.
16:1011-1015, 1961. :

DuBois, R. Basal metabolism in health and disease. Leca & Febiger, Phila.,
1936.

Durnin, J. V. G. A. The use of surface area and of body weight as standards
of reference in studies on human energy expenditure. Biol. J. Nutr. 13:68-71,
1959.

Edholm. O. G., J. G. Fletcher, E. M. Widdowson and R. A. McCance. The
energy expenditure and food intake of individual men. Drit. J. Nutr. 9:286-
300, 1955.

Food and Agriculiural Organization of the United Nations. Calorie
Requirements. Ept. cf the Comm. on Caloric Reg., Wash, DC, 1950.

Gagge, A. P., C. -E. A. Winslow and L. P. Herrington. The influence of
clothing on tihe physiological reactions of the human body to varying

environmenta! temperaiures. Am. J. Physiol. 12¢:30-50, 1938.

Galvao, E. G. Human heat production in relation to budy weight and body
surface. J. Appl. Physiol. 3:21-, 1950.

Garrow, J. S. Energy Balance and Obesity in Man. Elsevicr, NY, 1974.
Givoni B. and R. F. Goldman. Predicting mctabolic energy cost. J. Appl.
Physiol. 30:429-423, 1971.

Goldman, R. . Energy expenditure of soldicrs performing combat type
activities. Ergonomics 8:321-327, 1965.

Goldman, R. I*.; . Il. Green and P. F. lampictro. ‘lolerance of hot weti

environmenis by resting men. J. Appl. Physiol. 20:271-277, 1965.




=T

22.

23,

24,

25.

26.

27.

28.

29.

30.

31.

32.

17

Gray, E. LeB., C. F. Consolazio and R. M. Kark. Nutritional requirements for
men at work in cold, temperate and hot environments. J. Appl. Physiol.
4:270-275, 1951.

Haisman, M. F. and R. F. Goldman. Physiological evaluation of amored vests
in hot-wet and hot-dry climates. Ergonomics 17:1-12, 1974.

Hardy, J. D. and E. F. DuBois. Differences between men and women in their

response to heat and cold. Proc. Nat. Acad. Sci. 26:389-398, 1940.

Hardy, J. D. and G. F. Sodersirom. Heat loss from the nude body and
peripheral blood flow at temperatures of 22°C to 35°C. J. Nuir. 16:4:93-510,
1938.

Hart, J. 8. Physiological effects of continued cold. Brit. Med. :uii. 17:19-24,
1961.

Hayward, J. S., J. D. Eckerson and M. L. Collis. Thermorcpulatory heat
production in man: prediction equation based on skin and core temperatures.
J. Appl. Physiol. #2:377-384, 1977.

Horvatih, 5. M., A. Freedman and H. Golden. Acclimatizatic o cxireme
cold. Amer. J. Physiol. 150:99-108, 1947.

Huckabee, V. E. Relationships of pyruvate and lactate duiing anacrobic
metabolism. J. Clin. Invest. 37:255-263, 1958.

lampiciro, P. F., J. A. Vaughan, R. F. Goldman, M. B. Kreider, i". Masucci and
D. E. Bass. Heat production from shivering. J. Appl. Physici. 15:632-634,
1960.

Interdcparimental Committee on Nuirition for National Defriise. JCNND
Report of August, 1959, Washington, [iC

Johnson, 1L E. and R. M. Kark. Fnvironment and food intake ir 1101, Science

105:378-379, 1947.




33.

34.

35.

36.

37.

38.

39.
40.

41.

i iy ? o ? it e o . T

18

Joy, J. R. T. Responses of cold acclimatized men to infused norepinephrine.
J. Appl. Physiol. 18:1209-1212, 1963. g
Kim, Doug Jun. Studies of basal metabolism and energy expenditure of

Koreans in daily life. Korean J. Nutr. 4:49-62, 1971.

McCarthy, M. C. Dietary and activity patterns of obese women in Trinidad.

J. Am. Diet. Assoc. 48:33-37, 1966.

MacDougall, J. D., G. R. Ward, D. G. Sale and J. R. Sutton. Biochemical
adaptation of human skeletal muscle to heavy resistance training and
immobilization. J. Appl. Physiol. 43:700-703, 1977.

Malhotra, M. S., S. S. Ramaswamy and S. N. Ray. Effect of environmental
temperature on work and resting metabolism. J. Appl. Physiol. 15:7/69-770,
1960.

Miller, A. T F. and C. S. Blyth. Lean body mass as a metabolic reference
standard. J. Appl. Physiol. 5:311-316, 1953.

Otis, /i. B. The work of breathing. Physiol. Rev. 34:449-458, 1954.

Pandcli, i<, ., B. Givoni and R. F. Goldman. Predicting energy exponditure
with loads while standing or walking very slowly. J. Appl. Physiol. #3:577-
581, 1977.

Pandoli, K. B., M. F. Haisman and R. F. Goldman. Metabolic energy
expenditure 2nd terrain coefficients for walking on snow. Ergonomics 19:633-
690, 1978.

Passmore, R., J. G. Thomson and G. M. Warnock. A balance sheect of the
estimation of energy intake and energy expenditure as measured by indirect

calorimeiry using the K-M calorimeter. Brit. J. Nutr. 6:253-264, 1952,




43.

44,

45.
46.

47,

48.

49,

50.

53.

54.

19

Pitts, G. C., F. C. Consolazio and R. E. Johnson. Dietary protein and physical
fitness in temperate and hot environments. J. Nutrition 27:497-508, 1944.
Rasch, P. J. and W. R. Pierson. The relation of body surface area, mass and

indices to energy expenditure. Canad. Rev. Biol. 21:1-6, 1962.

Rodahl, K. Basal metabolism of the Eskimo. J. Nutr. #8:359-368, 1952.
Rubner, M. The Laws of Energy Consumption in Nutrition, Deuticke, Vienna
1902 (R. J. T. Joy ed.) US Army Res. Inst. Env. Med., Natick, MA 1968.
Scholander, P. F., K. L. Andersen, J. Krog, F. V. l.orentzen and J. Steci.
Critical temperature in Lapps. J. Appl. Physiol. 10:231-234, 1957.
Scholander, P. F., H. T. Hammel, K. Lange Andersen and Y. Lyning.
Metabolic acclimation to cold in man. J. Appl. Physiol. 12:1-8, 1958.
Scholander, I'. i., il. T. Hammel, J. S. Hart, 3. i, LeMassurier and 3. Steern.
Cold adaptation in Australian aborigenes. J. Appl. Physiol. 13:211-218, 195°.
Stitt, J. T., 1. D. Hardy and J. A. J. Stolwijk. PG fever: its effect on i
thermoregulation at different low ambient tcmiperaivres. Am. J. Phy«io'.
227:622-629, 1974,

Swift, R. J. The effects of low environmental temperature upon metabolisin.
2. The influence of shivering, subcutaneous fat and skin temperature on h.:t
production. Nutr. 5:227-, 1932.

Teitlebaum, A. and IL. F. Goldman. Increased cnergy cost with muliip!e
clothing layers. J. Appl. Physiol. 32:743-744, 1972,

Tzankoff, 5. P. and A. H. Norris. Effect of mwuscle mass decrease on & -
related PV changes. J. Appl. Physiol. 43:1001-1006, 1977.

Tzankofi, &. P, and /. H. Norris. Longitudina! changes in basal metabolisii:

man. J. Appl. Physiol., in press.




S e rrv T T YR b e it r T -—ﬁ

55. Welch, B. E., E. R. Buskirk and P. F. lampietro. Relation of climate and

temperature to food and water intake in man. Metabolism 7:141-148, 1958.

B . 56.  Williams, C. G., G. A. G. Bredell, C. H. Wyndham, N. B. Strydom, J. F. ,
Morrison, J. Peter, P. W. Fleming and J. S. Ward. Cit:culatory and metabolic ;
reactions to work in heat. J. Appl. Physiol. 17:625-638, 1962.

57.  Winslow, C. -E. A., L. P. Herrington and A. P. Gagge. Physiological reactions
of the human body to various atmospheric humidities. Am. J. Physiol.

120:288-299, 1937.
58. Wilson, O. Field studies on the effect of cold on man with special reference

to metabolic rate. Acta Univ. Lund Section II, #21, 196¢.

59.  Workshop on Adaptive Thermogenesis and Nutrition. 11-12 March, 1977,
Lausanne, Switzerland.

60. Wyndham, C. H. and H. Loots, Response to cold during = year in Antarctica. 7
J. Appl. Physiol. 27:69¢-70C, 1969,

6l. Wyndham, C. H. and J. ¥. Morrison. Adjustment to c-/<! of Bushmen in the
Kalahari desert. J. App!. Physiol. 13:219-225, 1958.

4 62. Wyndham, C. H., R. Plotkin and A. Munro. Physiologic=! reactions to cold of

men in the Antarctic. J. Appl. Physiol. 19:593-597, 1965,
63. Wyndham, C. H., N. B. Strydom, A. J. von Rensburg, A. . 5, Benade and A. J.
Heyrs. Relation between VO, max and body temperatuce in hot-humid air

conditions. J. Appl. Physiol. 29:45-50, 1970.




3
3
§
3
)

i R G A ) AR S b 2 NSNSt 11 P05 b i s N5 Ml

Figure 1.

Figure 2.

Figure 3.

21

FIGURE CAPTIONS

Change in resting metabolic rate with age, and the relative contribution
of non-muscle and muscle tissues to metabolism (fromn data of Tzankoff

and Norris (53,54)).

Elements in metabolic heat production and its regulztion at the cellular

level (from a variety of sources including (59)).

Working and resting oxygen consumption in summor and winter for a

variety of activity levels (from Malhotra (37)).
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