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Pulse Rate and Thermal Balance of Man During and After Work
in Heat as Criteria of Heat Stress

by H. G. WENZEL, Max Planck-Institut fur Arbeitsphysiologie, Dortmund, Germany

Introduction

From the point of view of the thermal balance of
the human body, physical work in high-temperature
environments means a simultaneous increase in heat
production and decrease in heat loss by convection
and radiation. Under such conditions, a sufficient
constancy of body temperature is possible only if
the required heat transfer from the body core to the
surroundings of the body is maintained by thermo-
regulatory mechanisms. High environmental tem-
peratures cause an increase in blood circulation, to
carry the heat produced in the body core to the skin,
and in sweat production, to eliminate heat by
evaporation to the surroundings.

Various physiological reactions have been pro-
posed as criteria for assessing the physiological heat
stress, e.g., sweat rate,a body temperature,b. c pulse
rate during heat exposure d or during recovery after
heat exposure.e According to recommendations of
some investigators more than one single reaction

a McArdle, B. et al. (1947) Med. Res. Coun. (Lond.),
R.N.P. Rep., 47/391.

b Lind, A. R. (1963) J. appl. Physiol., 18, 51.
c Wyndham, C. H. (1953) J. chem. metall. Min. Soc.

S. Africa, 53, 287.
dt Muller, E. A. (1962) Klima im Arbeitsraum, Berlin,

Beuth-Vertrieb.
e Brouha, L. (1960) Physiology in industry, Oxford, Per-

gamon Press.
2172B



658 NOTES

should be considered simultaneously.f-h Various
authors '-I developed scales for assessing heat stress
which are based on calculations of heat transfer.

If the heat stress of a special working condition is
evaluated by the various proposed methods the
assessments sometimes differ considerably. Good
reasons exist to believe that, among other things, the
differences in the criteria used for assessing the heat
stress are largely responsible for this discrepancy.
In recent experiments an attempt was made to com-
pare pulse rate, body temperatures, and sweat loss
as criteria for assessing physiological heat stress. The
present paper gives a survey of the first series of
about 150 climatic-chamber experiments in which the
physiological behaviour of a young healthy man was
studied under systematically varied hot working con-
ditions. The results of these experiments agree
qualitatively with the unpublished results obtained in
a second, similar series conducted with another man
serving as test subject.

Methods

Before beginning the actual experiments the subject
was adapted to heavy physical work in heat. During
the whole experimental time of 18 months, about
50 reacclimatization exposures were conducted for
keeping the subject at a high adaptation level which
was as constant as possible.

In each of the approximately 100 main experi-
ments, the subject walked on a treadmill for a period
of mostly 2 hours, sometimes up to 6 hours. Work
rate and climate were kept constant during each
single experiment. The work rate, room temperature
and air humidity were given different combinations
of values in different experiments. The air speed was
always constant at 0.3 m/s.
Three work levels were studied by adjusting the

slope of the treadmill to 00 (corresponding to walk-

f Bruner, H. (1959) Int. Z. angew. Physiol., 18, 31.
Q Robinson, S. et al. (1945) Amer. J. Physiol., 143, 21.
h Wyndham, C. H. (1963) J. appl. Physiol., 20, 37.
iBelding, H. S. & Hatch, T. F. (1955) Heat Pip. Air

Condit., 27, 129.
J Givoni, B. (1963) Estimation of the effect of climate on

man; development of a new thermal index, Jerusalem (Thesis).
kc Lee, D. H. K. & Henschel, A. (1963) Evaluation of

thermal environment in shelters, Cincinnati, Ohio, US Depart-
ment of Health, Education, and Welfare, Division of Occu-
pational Health (Public Health Service Report No. TR-8).

I Plummer, J. H. et al. (1945) Thermal balance of the
human body and its application as an index of climatic stress,
Washington, D.C., Office of the Quarter-Master General,
Military Planning Division, Climatology and Environmental
Protection Section.

ing horizontally), 3.5° and 6.50 (corresponding to
walking uphill); the walking speed was always kept
constant at 3.5 km/h. Under thermally neutral con-
ditions the average metabolic rate reached 173 kcal/h
(light work), 242 kcal/h (medium work) and
324 kcal/h (heavy work) in the 3 cases.
The room temperature (air temperature --wall

temperature) was varied between 18°C and 50°C, the
relative humidity between 11 % and 97%. The
heaviest combinations of work and climate were
chosen in such a way that the subject approached
exhaustion after 2 or more hours of exposure. The
subject was clad in shorts, shoes and socks. He was
encouraged to drink ad libitum. All experiments
started at 08.30 hours, after at least 1 hour of rest in
bed under comfortable climatic conditions to allow
the measurement of baseline values of body tem-
peratures, etc.

Immediately after the working period of each
experiment, the subject moved into a second climatic
chamber for recovery in a sitting position. The
room temperature in the second chamber was always
26°C, the air speed 0.3 m/s, and the air humidity low.

Before, during and after work, the rectal tem-
perature and the ear temperature next to the eardrum
were measured each minute by means of thermo-
couples. The pulse rate was recorded by means of a
photoelectric pulse counter developed by Muller &
Himmelmann.m During work and during recovery,
expired air was collected in Douglas bags each half-
hour and analysed by the Haldane method. Work
was interrupted every 30 minutes for a rest period of
3 minutes. During this pause, skin surface tem-
peratures (on 9 areas) were measured by means of
thermocouples. The body-weight was determined by
means of a balance installed in the climatic chamber,
and the sweat loss calculated from the body-weight
change corrected for 02 intake, CO2 loss and fluid
intake.
The loading schedule in the various experiments

was determined primarily on the basis of the change
in the subject's body temperature with time. The first
question was what range of environmental tem-
perature and air humidity allowed a steady body
temperature to be reached at different levels of work.
In connexion with this question, the variation of the
heart rate and sweat loss with time had to be studied
below and above the steady-state range found.
The principle of this experimental schedule may

be seen from Fig. 1, which shows the variation of

m Muller, E. A. & Himmelmann, W. (1965) Arbeitswissen-
schaft, 4, 134.
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FIG. 1
RECTAL TEMPERATURES DURING LIGHT WORK IN DRY AIR OF DIFFERENT TEMPERATURES (A)

AND AT A ROOM TEMPERATURE OF 368C AND DIFFERENT HUMIDITIES (B)
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rectal temperature with time during light work. The
first experiment of any series was always carried out
with 2 hours ofwork at a nearly " neutral " room tem-
perature (24°C in the case of Fig. 1). The follow-
ing experiments were conducted at higher tem-
peratures but a similar (low) humidity until the
body temperature no longer reached a steady state
but increased continually (Fig. IA). Further experi-
ments were then conducted at most of the above tem-
peratures, with the air humidity increasing until the
body temperature again did not reach a steady state.
As an example, the results of experiments carried out
at a room temperature of 36°C are shown in Fig. lB.
Finally, some 6-hour exposures followed under cer-
tain of those conditions which produced a very small
continual increase of body temperature, or just failed
to do so, within 2 hours.

In line with previous investigations,n the physio-
logical behaviour during recovery after work was

n Wenzel, H. G. (1967) Biometeorology, 2, 703.

used as secondary criterion for assessing the heat
stress.

Results

As expected, the physiological reactions during
work depended on the work rate, room temperature
and air humidity.
The experiments could be divided into 2 groups.

In the first group, with relatively light conditions, the
rectal temperature, ear temperature, skin temperature
and pulse rate reached steady states during the
second hour of work, and remained constant, even
during 6-hour exposures. In the second group, with
relatively heavy conditions, all these responses in-
creased continually until the subject approached or
reached exhaustion.
The relationships between the values of the 4

physiological responses after 2 or more hours ofwork
of a given intensity were independent of the tem-
perature-humidity combination during the work.
However, these relationships, and the steady-state
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FIG. 2
CORRELATION BETWEEN MEASURED AND CALCULATED PULSE RATES a
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a PD = water vapour pressure of air; E1 = light work, with a metabolic rate of 173 kcaljh; E2 = medium work, 242 kcal/h;

=3 heavy work, 324 kcallh.

values reached by the rectal temperature, skin
temperature and pulse rate depended upon the
work rate.
According to a procedure proposed by Bronstein

& Semendjajew,O equations were derived which
describe the dependency of the 4 physiological
responses on work rate, environmental temperature
and air humidity. As an example, Fig. 2 shows the
relationship between the measured and calculated
pulse rates, for all experiments with light (E1),
medium (E2), and heavy (E3) work, during the fourth
30-minute working period. Fig. 2A shows the values
for the experiments with air of relatively low humi-
dity (water vapour pressure PD <20.7 Torr) and
Fig. 2B for relatively high humidity (PD> 20.8 Torr).
In both cases the regressions lines lie near the 450
diagonal. The broken lines indicate the standard
deviations. Similar curves resulted from calculations
of body temperatures.
On the basis of these results, a scale could be

produced containing all combinations of environ-
mental temperature and air humidity which caused
equal elevations of the 4 responses for a given work
load, and which led to steady-state limits valid for

o Bronstein, J. N. & Semendjajew, K. A. (1962) Taschen-
buch der Mathematik, Leipzig, VEB Teubner Verlag.

all 4 responses. Some curves representing these scales
are plotted in psychrometric diagrams in Fig. 3-5.
The standard deviations associated with these curves
are about 4/min for the pulse rate, 0.1 °C for the core
temperature and 0.4°C for the skin temperature.
The graphs of Fig. 3 show the climatic conditions

which were equivalent during the fourth 30-minute
period of heavy work. Lines of equal pulse rate are
plotted in Fig. 3A. The pulse rate reached about
100/min at a room temperature of 18°C, independent
of air humidity. The climatic conditions represented
by the stippled area were thermally neutral for the
subject. The pulse rate reached higher values-
105/min, I 10/min, etc-with increasing room tem-
perature; the increasing curvature of the equal-pulse-
rate lines indicates that the effect of humidity on the
pulse rate gradually increases with increasing tem-
perature. The curves in the other graphs, which all
show the same trends, indicate the variation of rectal
temperature (Fig. 3B) and skin temperature
(Fig. 3C) under various climatic conditions.
The thick lines, which have the same position in

all graphs of Fig. 3, indicate those climatic conditions
under which each of the responses considered could
still just reach a steady state, e.g., 10% relative
humidity at a room temperature of 37°C or 90%
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FIG. 3
CURVES OF EQUAL PULSE RATE (A),

EQUAL RECTAL TEMPERATURE (B) AND EQUAL
SKIN TEMPERATURE (C) DURING HEAVY WORK a

Relative humidity (%) , loO 90 S0 70 60 50 40

logical variables during light work (E1), medium (E2)
and heavy (E3) work are summarized in the accom-

panying table.

VARIATION OF STEADY-STATE VALUES OF
PULSE RATE AND BODY TEMPERATURES WITH
WORK LOAD AND CLIMATIC CONDITIONS a

Neutral Steady-
climate b state limit

Pulse rate (min-')

Ei

E2

E3

Rectal temperature (OC)

Ei

E2

E3

Ear temperature (IC)

E,

E2

E3

Skin temperature (OC)
E.

E2

E3

78

88

100

37.1

37.4

37.7

36.8

37.0

37.1

31.5

31.0

30.0

97.0

104.4

113.1

37.74

37.88

37.99

37.42

37.45

37.43

35.9

35.0

33.9

a E, = light work, 173 kcal/h; E2= medium work, 242 kcal/h;
E3 = heavy work, 324 kcal/h.

bt Approximate values.

20 25 30 35 40 45 50 Under neutral conditions the pulse rate and

Room temperature ( C) core temperatures increased with increasing work

a v= air velocity. load while the skin temperature decreased. These
results were in line with the findings of previous

humidity at about 30°C. The values of the variables investigators. The maximum steady-state values
given to the left of this " steady-state limit " were changed in the same way, except that the ear tem-
measured after 2 hours' work, but are valid for perature remained practically constant at different
exposure times of up to 6 hours, as proved by work loads. This result contradicts previous assump-
appropriate experiments. The values to the right of tions (e.g., by Bruner f) that any given maximum
the limit, also measured after 2 hours' work, in- values for pulse rate and rectal temperature have
creased with time as indicated by the scales shown the same physiological significance regardless of the
against the bottom constant-humidity line in each combination of work load and climate.
graph. It is reasonable to assume that only climatic con-

Fig. 4 shows how the climatic ranges changed ditions below the steady-state limit should be re-

position with the work load. As expected, the garded as acceptable. However, some investigators
neutral ranges (stippled) and the steady-state limits consider a rectal temperature of 101°F (38.3°C)
are found at lower temperatures the heavier the work (which lies above the steady-state values given in the
performed. The corresponding values of the physio- table) as the maximum permissible. The broken lines

0
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FIG. 4

DIVISIONIOF INVESTIGATED CLIMATIC CONDITIONS
INTO RANGES OF DIFFERENT PHYSIOLOGICAL EFFECTS,

FOR DIFFERENT WORK LOADS a
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and about 650 g/h at low humidities. Above the
steady-state limit, the sweat loss increased very
steeply with increasing humidity, particularly dur-
ing the second hour of work. The suppression of
sweating described by several investigators occurred
only under conditions above the steady-state limit, at
the earliest after 2 hours of work.
The equivalence curves plotted in Fig. 3 agree

well with the findings that led to the Index of
Physiological Effect,9 but somewhat less well
with those for the P4SR index.a Agreement with
these indices, which correspond to straight or nearly
straight equivalence lines in psychrometric diagrams,
was limited to restricted ranges of climate. For
example, Fig. 5A compares the curves for equal pulse
rate during light work (full lines) with those for equal

20

FIG. 5

COMPARISON OF CURVES OF
Medium work EFFECTIVE CURVES

Eg.242kcat/h OF EQUAL PULSE RATE DURING LIGHT WORK (A)
AND WITH THE STEADY-STATE LIMITS FOR

I DIFFERENT WORK LOADS (B) a
slative humidity (%M)-100 60
5C

JTR38.3 C after

40 2n

30

20 neura sedy state

to steady s5tat

OG.---dedgC/h
10 20 30 40 50 °C 60

Room temperature (OC)

20

Heavy work
E3 324 kcat/h

1-

'A

o.
>.

a TR = rectal temperature (OC); STR = rate of increase in
rectal temperature (degC/h); v = air velocity (m/s).

in Fig. 4 indicate those combinations of climatic con-
ditions which caused an elevation of rectal tempera-
ture to this level after 6, 4 and 2 hours of work, res-

pectively. These curves confirm that work under cli-
matic conditions considerably above the steady-state
limits would only be possible if the working time
were reduced, while the 6-hour climates based on

the criteria " 101°F (38.3°C) rectal temperature " and
"steady state of responses " differ little.
The relationship between the sweat loss and the

variables mentioned above was dependent on the
temperature-humidity combination: under conditions
corresponding to the steady-state limit, the sweat loss
differed in hot, dry and in warm, humid environ-
ments. For example, the steady-state sweat loss dur-
ing light work was about 300 g/h at high humidities,

Relative humidity (%)- to S0 70 60 50

30 35 40
Room tempereture (°C)

wHO 70876

a E. = light work, 173 kcal/h, E2= medium work, 242 kcallh;
Es = heavy work, 324 kcal/h; BEY = Basic Effective Temperature,
in °C, according to Yaglou, C. P. (1927) J. industr. Hyg., 9, 297;
v=air velocity (m/s).

60 40
TR=38.30C after / / O.3mIs
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steoay stote I; iAt td stt
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FIG. 6
SUBDIVISION OF THE CLIMATIC RANGE ALLOWING STEADY-STATE RESPONSE OF PHYSIOLOGICAL VARIABLES

DURING LIGHT WORK INTO REGIONS OF EQUAL RECOVERY TIME a, b
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Room temperoturo (OC)
a v =air velocity (mis).
bi The curve for 38.9'C represents excessive conditions, according toWyndham (1953), loc. cit. and Humphreys, C. M. et al. (1946)

Heat Pip. Air Condit., 18, 101; the curve for 38.60C may represent permissible conditions, the curve for 38.3'C represents maximum
permissible conditions according to BrOner, loc. cit., Eichna, L. W. et al. (1945) J. industr. Hyg., 27, 59, and Ladell, W. S. 5. (194748)
Brit. mod. BuILl, 5, 5; while the curve for 38.0"C represents maximum permissible conditions according to Grandjean, E. (1962) Z. PrAtv.-Med., 7, 405.

effective temperature (broken lines).P It can be seen
that the effective temperature often gave a misleading
picture of the situation, particularly for relatively
cool conditions, for hot dry climates, and for condi-
tions with very high humidities above the steady-
state limit. Fig. 5B shows that the steady-state
limits for light, medium and heavy work corres-
ponded to constant effective temperatures only
within certain climatic ranges.

All climates inside the steady-state areas of Fig. 4
were equivalent in so far as thermal equilibrium of
the body 'exist-d, but the thermoregulatory strain
differed depending upon the distance from the neutral
zones. This is reflected in the changes in physio-
logical response as well as in the subject's heat
sensations. Thus, a subdivision of the steady-state
areas is desirable for practical assessment of heat
stress. Such a subdivision was already given by the
equivalence lines in Fig. 3, but the question remains
how the responses should be judged, i.e., what the

P Yaglou, C. P. (1927) J. industr. Hyg., 9, 297.

attainment of a certain value of a certain physio-
logical variable means in practice to a man working
in heat. As shown in previous investigations,q the
recovery time, i.e., the time required by the physio-
logical responses to return to their pre-exposure
levels, can be used as criterion to assess various
steady-state conditions.

Various physiological responses approach their
stationary levels at different speed during recovery.
The 02 intake and sweat production decrease re-
latively quickly, while the pulse rate needs much
more time. It has been shown q that the recovery
process can be regarded as finished when the pulse
rate has reached a steady level. Previous experi-
ments had also shown that the recovery time was
related to the extent of some physiological changes
occurring during work. Recovery times were derived
from measurements performed during the recovery
periods of the present experiments by a method
described previously.q

q Wenzel, H. G. (1965) Forschungsbericht des Landes
Nordrhein-Westfalen, No. 1544, Koln, Westdeutscher Verlag.

12



NOTES

FIG. 7
EQUIVALENT COMBINATIONS OF ENVIRONMENTAL TEMPERATURE AND ATMOSPHERIC HUMIDITY

FOR LIGHT AND HEAVY WORK a
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a v = air velocity (m/s).

The steady-state area for light work is divided
according to recovery times in Fig. 6. After 6 hours'
work under neutral conditions (room temperature
about 23°C) the subject required about 20 min for
recovery. The recovery time increased with climatic
stress, reaching about 100 min after 6 hours' work
under conditions corresponding to the steady-state
limit. Below the steady-state limit, the recovery time
was practically independent of work time.n
By this procedure, the dimension of time is incor-

porated in the measure of the physiological strain of
the body. This has the advantage for the practical
assessment of stress that, ifwe fix a certain permissible
recovery time, any recovery time in excess of this
could be used directly to estimate the stress to which
each worker is subjected, and its equivalent in
terms of a reduction in working time, or a bonus
payment.
The recovery time after work above the steady-

state limit increased considerably with the severity
of the climate and the working time. For example, it
reached about 4 hours after 6 hours of work with a
final rectal temperature of 38.3°C. In some of the

6-hour experiments, rectal temperatures increased
still higher-to such a level at the end of the working
period (15.00 hours) that recovery was not complete
by 20.00 hours. Even if there are no medical objec-
tions to rectal temperatures above the steady-state
maxima, it seems questionable whether conditions
with recovery times of hours should be regarded as
acceptable.

In Fig. 7, lines of equal recovery times after light
and heavy work are plotted together. As expected,
the recovery time after heavy work in a neutral
climate was longer than after light work. Further-
more, the figure shows that the direction of the
equivalence lines depends upon the work load,
except at relatively low temperatures. This means
that climatic conditions which were really equiva-
lent, as postulated by the theory on which, e.g., the
Effective Temperature scale is based, were not
encountered in these experiments. It must be con-
cluded from these results that any index like the
Effective Temperature Index which does not include
the metabolic rate as a primary variable cannot be
generally valid for different work loads.
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