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OBJECT*

The object of this study was to measure the metabolic rates of young 
men performing three levels of physical activity at three different 
environmental temperatures.,

SUIMABT*

This study indicates that as the environmental temperature increases 
there is also an increase in metabolic rate of men performing a fixed 
activityo 'Hiere was a significantly higher metabolic rate for men woiitlng 
at 100°P than at 85° and. 70°Po Body temperatures also were significantly 
higher at 100°P than at 85° and 70°P environments»

These data again suggest that there is an increase in energy 
requirements for men living and working in the heato

APPROVED*

HARioR E. McDowell
Lt„ Colonel, MC 
Commanding



BMVIBONMSNTAL TEI-IPERATORE AND MEHCY EXPENDITOBE 

BACKGROUMJ

Recent work completed by this Laboratory shows that there is a definite 
increase in the energy requirements of men living and working in extreme 
heat (1, 2, 3)o This increase is due primarily to the heat load imposed on 
the body hy solar radiation and the extreme environmental heat. The increased 
energy expenditure is a result of the increased action of the blood in heat 
transport, increased action of the sweat glands, increased caloric loss due 
to sweat vaporization, and to increased body temperature (l)„

Some of the main unanswered questions from these studies were whether 
the subjects were fully acclimated to the heat and whether the increase in 
energy requirements was due to insufficient training prior to the beginning 
of these experiments. In the present study the metabolic rate was measured 
under three strictly controlled levels of temperature and humidity, replicated 
4 times in a random order. The plan would permit the calculation of a factor 
for the increased metabolic rate duo to each 15°P increment in environmental 
temperature. Comparisons coxild be made between the rate of sweating nnH 
increased metabolic rate. Other measurements to be computed included nitrogen 
and water balance, diurnal changes in sweat rates, body weights and changes 
in body temperature.

EXPERIMENTAL DESIGN

This study was divided into three separate phases at temperatures of 
70°, 85° and lOQOp (21,2°. 29.4° and 37o7°C), each of 4 days* duration. Each

phase was repeated 4 times randomly for a total of 48 days from July to Sei>-
tember I960. Hie test group consisted of 8 healthy men from the Metabolic 
Ward between the ages of 19 and 25. The men were exposed to the 3 temperatures 
for hours a day and were allowed to eat their noon meal outside the chamber
each day. One man dropped out because of an accident so the final data cover
only 7 men. Hie daily activity of the men during all the test periods was 
controlled at a constant level and measurement of the metabolic rates was 
performed at three activity levels»

(a) Fairly heavy activity, Ergostat (bicycle ergometer), 50 minutes 
per day.

(b) Moderate activity, Exercycle, 50 minutes per day.

(o) Resting activity, lying down.

Once the men left the test area (evenings) no moderate or heavy type 
activities were permitted. A diaiy record of all after-hour activities 
was also maintained by each subject.

Experimental Procedures

All phases of this study were performed in the environmental chamber 
on the Metabolic Ward which was contit)lled as follows:
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Ibase A; avereige daily temperature 70°P with a 30^ humidllgr. 
Phase B " " " 85^? » « ti
Phase C " " " lOOop « « «

Ti!nr.>i phase was performed 4 times during; the test for a total of 12 
periods. These phases were randomly distributed as followst

Period 1 Period 2 Period 3

Phase B Riase C Phase A

Period 4 Period 5 Period 6

Phase C Phase A Phase B

Period 7 Period 8 Period 9

Phase A Phase B Phase C

Period 10 Period 11 Period 12

Phase C Phase B Phase A

Pood

The food menus were prepared by the dietitians on the Metabolic Maid 
and consisted of 4 daily menus that were rotated during the experiment.
Food was Issued and oonsiamed at a constant daily level of 3283 Caloriesy 
including 93.3 gm of protein, 171.1 gm of fat, 328.7 gm of carbohydrate.
All of the food was consumed daily and no extra food was permitted. One 
subject who was unable to consume this quantl'fy of food offered, was placed 
on a constant intake of 2931 Calories per day. Cool distilled water (in a 
weighed plastic bottle) was supplied ad liblt\im for drinking purposes and 
the fluid Intake was recorded for each man dally.

Triplicate composites of each of the 4 menus ware taken and analysed 
for nitrogen, fat, moistiire, ash, and for total energy tislng bomb calorlmetiy.

Sweat

Sweat rates, including water from the skin and lungs were measured, 
using the method : f Adolph, ^ (’47) (4). These were determined by
measuring weight, changes during the morning and afternoon periods. The 
differences in body wei^t were then corrected for water intake, urinary 
output and defecation. (Gaseous exchanges of respiration contribute a 
small quantity, which usrially constitute less than 1^ of the observed 
decrease in body weight.) Sweat samples diiring rest and exercise were 
collected in polyethylene bags that covei-ed one whole arm for 3^ hours in 
the morning and 4 hours in the afternoon daily throu^out the 3 phases.
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The arm and hags were rinsed with distilled water and dried before each 
collection period began. The question that comes to mind is whether the 
arm sweat is representative of the sweat from the whole body. Kitohelly 
et al.(3) reports that the dally chloride and nitrogen in hand sweat 
repTOsents,reasonablyy the concentration of the total body sweat. So one 
might assume that calcium may be in the same category.

Water Balance

In computing water balance for each subject, water gain and water loss 
from all so\xroes were considered. Water gain can be determined from 
several factors, some that can be measured directly and others that can be 
calculated. The factors that may bo measured directly are fluid water 
consumed, and water preformed in food. The factor that must be calculated 
is the water derived from the metabolism of foodstuffs and from the 
breakdown of tissue in the body. Metabolic water can be determined by 
using the factors of Newburgh, (*43) (6) and assuming 100^ oxidation
of the ingested foodstuffs 8

Protein » 0.4I x gm protein 
Carbohydrate » 0.6 x gm carbohydrate 
Pat = 1.07 X gm fat

Water loss can be determined hy weighing a man at the beginning and 
at the end of a specific period of time, and then considering the various 
losses during this period. They include the urinary output, total 
insensible water loss both from the lungs and the skin, water loss in the 
feces, and the water loss from the sweat as sensible perspiration. 
Insensible water loss and sweat cannot be separated easily.

Body Weights

Each subject was weighed daily in the morning before breakfast and 
after voiding. This was always done in the nude state, using the Plima 
balance, which is accurate to ^ 10 grams. Other weighings for measiiring 
sweat rates were performed before enteirlng the environmental chamber at 
8 a.m., before lunch at 11>30 a.m., after limch at 12t30 p.m., and before 
the evening meal at 4*30 p.m.

Body Temperature

Rectal temperatures were taken at the end of each day's activi-^
(4*30 p.m.) just before leaving the chamber.

Meteorological Data in the Chamber

Weather data was recorded daily at one hour Intervals from 7i30 a.m. 
to 4:30 p.m. This data included temperature, relative humidity and 
barometric pressure.

EnerCT Bxpenditiire

Energy expenditure was measvired on all the designated activities every 
other day by means of indirect calorimetry using the Hiller-Pranz portable 
metabolimeter (insull, et al. '53) (7). The energy cost of each activity
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waa measured after the subject had participated in the activity for 15 
minutes. Aliquots of expired air were collected for a total of 10 minutes 
after the waxm-up period during exercise and for 20 minutes during the 
resting period. On alternate days, metabolic rate samples were taken 
while the individuals were at rest, lying on the bed. The aliquots of 
expired air were analyzed for carbon dioxide and oxygen by means of the 
Zidane and Seckman gas analyzers, respectively. Evening activities were 
recorded by diary and used for the determination of total daily energy 
expenditure. Metabolic rates were also measured and recorded directly on 
a continuous carbon dioxide and oxygen analyzer for comparative purposes.

Urine and Fecal Collection

Urines were collected on a 24-hour basis on each of the 8 men. At the 
end of each day the volumes were meastired, the specific gravity recorded and 
a 10j{ aliquot saved, which was pooled at the end of each period for each man. 
Urine eiliquots for each period were analyzed for moisture, ash and nitrogen.

Pecal collectiozis were also made by periods. At the beginning of each 
period, carmine and charcoal were alternately consumed by each of the test 
subjects. The sample collection for the period began at the first appearance 
of the carmine or charcoal in the stool. The stools were collected in 
plastic buckets, and immediately frozen. At the end of each period, the 
combined sanples of each man were weighed and recorded. Bach sample was 
then diluted with 500 gm of distilled water, homogenized in a blendor and 
two aliquots saved (in 8 oz. bottles) for the subsequent chemical analysis 
of moistxire, ash, fat, nitrogen, and total energy.

HB3ULT3

The average daily temperature for each 4-day testing period is presented 
in Table I. With the exception of the first period, most of the temperatures 
were in the designated temperature range assigned to each period. This was 
also true for the averse relative humidity which stayed fairly close to 30j( 
after the first period (Table H).

The body weight chaxiges were slight for all periods, never changing 
more than 100 gny'man/day for each of the three ifibaBes. The body weight 
changes for all of the 12 days at each temperature,'averaged a *9*2 gm/day 
for the 100°P, +71 gm/day for the 85°P and -30 for the JCPT periods
(Table III).

Body temperatures, taker, at the end of each work day, were significantly 
higher during the 100°P phase than during the 85° and 70°P test periods 
(Table IV).

Energy expenditure values for the light, moderate and heavy activities, 
performed by each man during each period and a summary are presented in 
Tables V to VIII. fiiergy expend!tvires averaged O.304, 0.282 and 0.273 
liters of oxygen used/minute for the low activity, 0.590, 0.525 and 0.521
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for the moderate work, and 1.570, I.404 and 1.422 liters/minute of oxygen 
used for the heavy work, for the 100°, 85° and 70°P test periods, 
respectively. Valiies for the 100°P phase are significantly higher 
those for the 85° and ?0°F phases.

The chemical composition of the 4 menus is shown in Thhle IX. The 
food issued each man daily averaged 3280 Calories, with 93.3 ga of protein, 
177.1 gm of fat and 328.7 gm of csurhohydrate. Six of the subjects consumed 
all the food offered daily hut subject C, a small youxig man, could oonsune 
only 2957 Calories/day.

Thble X shows the sweat rates during the three test phases. They 
averaged 2248, 1298 and 708 gm/iay for the 100°, 85® and 70®P periods.

The water balance for each period is presented in Table XI. nie rneem 
balance averaged +II4 gm for the 100°P, 59 gm for the 850P and 32 g^maVday 
for the 70^P periods.

DI3CP5SI0X

k recent study (1) by this laboratory suggested that an increase in 
metabolic rate was one of the factors related to Increased energy 
requirements of men working and living in the heat. This suggested a 
reevaluation of the reconmendations of the Sational Research Council's 
Pood and Nutrition Board (8), and the United Nations' Ibod and Agriculture 
Organization (9), that there is a decrease of energy requirements in the 
heat, ^ese organizations recommended a 53^ decrease in requirements for 
every 10°C increase in environmental temperature. Since this has been a 
very controversial subject it seemed desirable to perform another study 
designed to rule out the effects, if any, of acclimatization to the heat 
and the effects of training on the metabolic rate.

In the present study a significant Increase in metabolic rate in the 
heat was observed in the three activities studied. Wia energy expenditure 
at 100°P was significantly higher than in the 85®P phase for all three 
levels of activity. It is of interest to note that for each man the average 
at 100°P was hi^er than his average at 85®P. This consistency of results 
may be of biological Interest because it showed up even though there me a 
considerable variation among the men at a common temperature and activity 
level. It bad been our original concept that the metabolic rate gradually 
increased in environmental temperatures above 70°P but no significant 
difference was observed in metabolic rates between the 70® and 85®P 
temperatures. This means that the significant threshold increase in 
metabolic rate must occur in temperat\ires above 85®P,

Increases in metabolic rate averaged 11.4?6 for the light, 13.3jC for 
the ipoderate and 11.7^ for the heavier activity. It is felt that these 
results are very important since they have shown that neither acclimati­

zation nor training wore factors for the increased metabolism and 
subsequent energy requirements in the heat. These values are in agreement



with Consolazio, et (l), Welch, et (lO) and Shapiro, et al. (ll) 
who also ohsexv^ increases in metabolic rates of hunumg in the heat. 
Herrington (l2) woridng with small animals has also observed increases 
in metabolic rates in the heat.

Ihe average increase in body temperature of 0,5°P at 100°P was 
significant even thougji it may seem low. Woric ly Eiohna, et al. (13) 
and Christensen (I4) have shown that there is an approximate increase of 
11.6^ in the metabolic rate fcr every degree centigrade rise in body 
ten^rature. On this basis, the increase in body temperature observed in 
this study could account for only about half of the metabolic rate increase. 
Other factors stich as increased action of the blood in heat transport and 
increased actions of ihe sweat glands might account for much of the rest 
of the increase.

Sweat rates averaged 708, '!298 and 2248 gm/day for the cool to hot 
periods, which was equivalent to approximately 5I gm of sweat for each 
1 P increment of environmental temperature. The sweat rates comparing 
the 4 periods for any given temperature (Table X), decreased during the 
course of the ea^eriment which is in agreement with Kitchell, et (5)

Water balance changes showed an increase in fluid retention with an 
increase in environmental temperature, from +32 gm at 70°P to 113 gm at 
100°P. This means that the men lost more wei^t (fat, protein) during 
the hot periods at 100°P than at JCPF on the same constant daily Intake.

The findings of this study indioate that the metabolic rate of a 
designated physical activity is increased in the heat emd that this 
increase is not due to the fact that the men were not acclimated, or 
that the men were not in training. This in turn suggests that the 
Increased metabolism leads to an increase in energy requirements of men 
living and woricing in the heat. In the light of this sttjdy and that of 
Consolazio, et al. (1) it is again suggested that the reoommendation for 
decreased dietary allowances in heat, made by the Ptood and Nutrition 
Board of the National Besearch Council and the Pood and Agriculture 
Organization of the Ihlted Nations be reevaluated.
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COU I

in ®f

PBrlodB 1 2 3 4 5 6 7 8 9 10 11 12

Dv 1 86.1 97.5 70.4 100.5 70.3 84.8 69.4 85.8 100.0 99.9 83.6 69.6

2 88.9 99.2 71.1 100.0 70.0 84.9 69.9 85.2 100.1 100.4 84.9 68.8

3 89.3 98.7 70.5 100.1 69.6 84.9 70.9 84.8 100.0 100.0 84.6 70.8

4 89.5 100.4 70.4 100.1 70.2 85.1 70.7 86.5 99.4 95.5 84.6 71.8

•uTtx n

Ibw OallT

Farlods 1 2 3 4 5 6 7 8 9 10 11 12

msr 1 - 29.5 29.4 29.4 29.5 29.8 29.0 30.5 33.4 29.9 29.4 31.0

2 16.0 27.0 29.6 27.9 28.5 28.6 29.0 30.3 33.8 30.1 31.2 31.7

3 28.3 27.0 29.5 28.6 29.0 28.0 28.8 29.3 32.9 30.3 31.0 29.0

4 29.3 28.6 29.0 30.5 26.2 31.0 29.3 30.9 25.3 31*2 31.3 29.4
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TASLB 17

Average Body Tenperatores At VarlonB 

SavixozUBen'tal Tenperaturea. In

100®

85®

70®

99.6®*

99.1®

99.1®

* Slgnifioantly higher than iMdy 

teaperatores at 85® or 70®F.

(P ^.005)



TiHr.Ti! V

Mean Energy Expenditure During Light Activity 

In Hoorn Temperaturea of 7(fi, 85** and. 100°?*. 

(Liters of Oxygen Ifeed/llinute)

Vssp. 100°F 70®F 850F 70°F 85°F 100°F 1(XfiF 70°F 85®F

8nhJ A 0.349 0-305 0.350 0.277 0.280 0.357 0.326 0.256 0.308

B 0.274 0.270 0.256 0.260 0.324 0.279 0.276 0.310 0.210

C 0.274 0.250 0.235 0.263 0.257 0.245 0.260 0.195 0.199

D 0.242 0.290 0.260 0.275 0.280 0.343 0.287 0.243 0.295

F 0.311 0.320 0.335 0.293 0.322 0.407 0.282 0.274 0.309

9 0.276 0.290 0.310 0.286 0.250 0.294 0.330 0.313 0.269

H 0^ 0.240 0»295 0«255 0«295 O.318 0^ 0.276 0^

Bean 0.293 0.281 0.291 0.273 0.288 0.320 0.293 0.267 0.271

• Each temperature period is listed in the order that the men experienced

V.

them. Periods 1,2 and 3 not shown, were trainin^r periods, so no 
metaholic rates were collected.



TAHJ VI

i^MtTgy tofniiture JarlBg HsKfy ictlTlty 

IB Boom 1VMiti>rature« of 7(/>. 8S*> >ad lOQPy*

(Liters of Qi^gsn Ihed/Mlnute) 
FSBI0O8

1^. lOOPf icn 85®F icn 85®F 100“F 100®? 70®F 65®?

SobJ A 1,728 1.665 1.545 1.415 1.657 2.091 1.687 1.784 1.637

B 1.819 1.530 1.400 1.370 1.510 1.771 1.761 1.558 1.622

C 1.266 1.167 1.010 1.102 1.060 1.445 1.292 1.066 1.035

B 1.^ 1.430 1.573 1.980 1.770 1.337 1.521 1.540 1.378

f 1.567 1.300 1.435 1.240 1.644 1.874 1.675 1.602 1.658

G 1.506 1.430 1.200 1.390 1.440 1.712 1.540 1.307 1.353

1 1.427 1^ 0i2M 1x321 1^ 1.252

■ss. 1.548 1.413 1.355 1.407 1.431 1.613 1.547 1.447 1.418

• Bach temperature period is listed in the order that the iMn experienced 
then. Periods 2 and 3 not shown, wore training periods, so no 
netaholio rates were collected.



I
TABJ VII

During Moderate lotlTltr 

of 70**« 85^ «nd lOO^y*

(Liters of Oogrgen Used/Niimte)

FSRIOlfi

tesp. 100®F 70®F 85®F 70*F 850F 100®F 100®F 70®F 85®F

3ahJ A 0.793 0.590 0.780 0.760 0.668 0.735 0.734 0.672 0.625

B 0.68$ 0.436 0.590 0.460 0.535 0.633 0.554 0.518 0.563

C 0.;60 0.383 0.430 0.473 0.335 0.361 0.415 0.358 0.403

B 0.300 0.510 0.400 0.460 0.477 0.731 0.454 0.334 0.421

F 0.75a 0.641 0.610 0.593 0.652 0.557 0.732 0.561 0.528

0 0.570 0.703 0.570 0.673 0.540 0.648 0.458 0.360 0.482

H 0 • a 0 OtW 0.420
_ 0|4?7 Of 507 Of3?7 0|?1?

Nsaa 0.625 0.538 0.543 0.567 0.534 0.595 0.551 0.457 O.5O6

• Bsoh teatperatare period is listed in the order that the sen experienced 
jr^thea. Periods 1, 2 and 3 not shown, were training periods, so no 

netaholio rates were oolleoted.



TAM vni

of Bum Barliut LlAt. Woderate

latlTlty At T—BMotmoB of 7(fim 85° nA lOO^F 

(Liten of Odgrem Thod/lflnute)

9mq>*
IdAIi AotlTl Nodarmt* Aetlvltr AetiTltT

i6OTp 85^ 7bPf 100"? 85"? 7CTF 100P? 85"? /U“?

8u¥j A 0.344 0.313 0.279 0.754 0.691 0.674 1.835 1.680 1.621

B 0.276 0.263 0.280 0.624 0.563 0.471 1.784 1.511 1.486

e 0.260 0.230 0.236 0.445 0.389 0.405 1.334 1.035 1.119

B 0.291 0.278 0.269 0.562 0.433 0.435 1.461 1.574 1.650

F 0.333 0.322 0.296 0.682 0.597 0.598 1.705 1.579 1.381

0 0.300 0.276 0.296 0.559 0.531 0.579 1.586 1.331 1.376

H 0^ 0*295 0^ 0*505 0^ 0^ 1.284 1.116 1.323

to 0.304 0.282 0.273 0.590 0.525 0.521 1.570 1.404 1.422



TAHJI IX

CbMPMltion of iTdwuw Pallr Food Intake.

^a»l;ruiM of the Mmwm 

(r»od Connaied/lbn/Dior*)

llinu>*

Oaloriaa Ftotain
«■

Fht
«■

CarboliTdrata
«■

Vater
«■

1 3122 93.2 168.0 309.0 1656

2 3316 92.3 187.3 314.9 1592

3 3377 83.5 182.3 350.2 1460

4 3318 lOia 170.8 lioj. 1695

Maan 3283 93.3 177.1 326.7 1601

* Qm sabjMt, a very aaall aan, oonauMd 332 Caloriaa/dagr !••• than tha 

othar MD.



TASS X

Ayrage Bally Swat Hate« ftr ft>o« 

Temperature nd P>rlod*

(In gm/lMi)

PSBI0D8** 70®? 85®? 100P?

Ferlod I 710 1513 2368

Ferlod II 826 1372 2443

Mriod in 687 1180 2040

Period rr 60i 1026 2140

Naan 708 1298 2248

• 9veat produced during tte bourm in the enTiroiunntal ehuber each daj.

These periods refer to the 1st, 2nd, 3rd and 4th tine each man experienoed 
a giTsn temperature.
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