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Evaluation of tolerance limits for humans under heat stress

and the problems involved

by Hans G Wenzel, MD, Claus Mehnert, MD, Paul Schwarzenau

WENZEL HG, MEHNERT C, SCHWARZENAU P. Evaluation of tolerance limits for humans under
heat stress and the problems involved. Scand J Work Environ Health 1989;15(suppl 1):7—14. Investi-
gators are divided about the limits of tolerable ambient temperatures and air humidities, even under equal
boundary conditions. In 266 climatic chamber experiments, mostly lasting 4 h, 13 young healthy men
were exposed to combinations of ambient temperature (20 to 55°C) and relative humidity (5 to 97 %)
at an air velocity of 0.3 m - s—!. They were lightly clad and performed equal treadmill work (metabolic
rate about 850 kJ - h~!). Mean rectal isotherms and their standard deviations were calculated from the
final rectal temperatures of the 13 men and plotted on a psychrometric chart. The slopes of the isotherms
were compared with those of various ‘‘indices of heat stress.”” The probability of reaching the potentially
critical rectal temperature of 39°C was calculated according to data of Wyndham & Heyns. It increased
from about 1:500 000 to 1:150 in climates corresponding to mean isotherms of 37.6 and 38.2°C, respec-
tively. Most of the limits thus far proposed are situated between these two isotherms, and they differ
merely in regard to health risk. It is useless to discuss ‘‘correct’’ or ““incorrect’’ limits until society has
decided what risk is to be accepted. An upper tolerable limit per se does not and cannot exist. For several

reasons the 37.6°C isotherm might be taken into consideration as a limit.

Key terms: criteria of heat tolerance, heat stress indices, individual health risk.

Climatic conditions above the thermally neutral, com-
fortable zone may produce unwanted effects on hu-
mans which can roughly be divided into three differ-
ent groups (1). Relatively mild warm climates lead only
to uncomfortable thermal sensations of warmth.
Higher heat stress also results in a reduction of both
physical and mental performance. Finally, if the con-
ditions are severe enough and influence a person long
enough, a person’s health can be affected, and per-
haps even death may ensue.

Although most warm climates cause only uncom-
fortable sensations in daily life and perhaps a decrease
in work performance, one of the main questions asked
in connection with heat stress is the limits tolerable in
regard to the health of exposed persons. This question
can be answered from the following two points of view:
what maximum changes in physiological responses can
be considered as being still harmless and what are the
climatic limits corresponding to such harmless phys-
iological changes?

In regard to the first question of limits, the predom-
inant opinion is that conditions of thermal equilib-
rium are permissible. Heat accumulation is reflected
by a continuous increase in body temperature and by
an acceleration of heart rate. Thus heart rate may also
be used as a criterion for distinguishing conditions of
permissible heat strain from those potentially patho-
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logical. In order to avoid continuous or frequently re-
peated measurement of responses under practical con-
ditions, it is desirable to know what maximum levels
of physiological responses can be considered safe. This
knowledge is also important when thermal stress is very
high but lasts only a short time. Most investigators de-
scribe rectal temperatures up to 38°C or slightly higher
as being ‘‘acceptable”’ or “‘easy’’ or “‘safe,”” while tem-
peratures around 39°C have been described as being
“‘undesirable’ or ‘‘excessive’’ or ‘“‘unsafe’’ or ‘‘intoler-
able” (2—8). These values were derived in many
laboratory experiments and field studies. They are par-
ticularly supported by Morrison & Wyndham’s obser-
vations (9) on 314 heat stroke cases. Morrison and
Wyndham found that a few deaths occurred at rectal
temperatures of about 39 to 40°C on admission to the
hospital. The probability of death increased significant-
ly with increasing rectal temperature, reached 50 %
at 42°C, and approached 100 % above about 45°C.

Several years ago, a working group of the World
Health Organization also discussed the significance of
heart rate elevations (10). The conclusion was reached
that the degree to which both physical work and hot
climate contribute to the actual heart rate has to be
taken into.account. Thus different values of maximum
permissible heart rate, depending upon metabolic rate,
have been recommended. Some investigators have also
proposed limits in terms of sweat loss. For various rea-
sons, however, it is doubtful whether this response can
actually provide useful information (11—13).

If the body core temperature, or perhaps the heart
rate, of humans exposed to hot climates is known, an
evaluation is possible. However, practitioners often
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prefer limits in terms of stress instead of strain, in other
words, limits of climatic conditions. They do so mainly
for two reasons. Data on climatic elements can be ob-
tained fairly easily because instruments for such mea-
surements, and people trained to use them, are usual-
ly available when such evaluations are required, eg,
in industrial plants. However, this situation does not
always apply for the collection of physiological data.
The second reason might even be more important.
Knowledge of physiological data enables an evalua-
tion only during exposure to heat. Often, however, it
is necessary to predict effects before a person is ex-
posed to a possibly dangerous climate. Such predic-
tions can be made if the climate is known and previ-
ous experience with humans in comparable climates
is available.

Many upper tolerance limits have been published for
climates. They have been partly proposed or recom-
mended in the scientific literature and partly estab-
lished in official requlations, eg, for the mining indus-
try in a number of countries (14—16). They usually
take into account the fact that at least four climatic
variables contribute to heat stress simultaneously, ie,
temperature, velocity, humidity of the air, and radiant
temperature. In addition two nonclimatic variables
play an essential role, ie, metabolic heat production
in the body and the thermal resistance of clothing. In
this paper, interactions between all six of these main
factors have not been discussed; instead attention is
drawn to another aspect, which is based on principle.
For this reason, the following data are restricted to cer-
tain conditions visible at first glance, and they are used
for discussing only some questions on the tolerable
limits of ambient temperature (air temperature equal
to mean radiant temperature) and corresponding air
humidity applying to equal additional conditions, ie,
to a given metabolic rate, to a given clothing, and to
a given air movement.
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Figure 1. Climatic limits proposed for equal boundary condi-
tions by various investigators (2, 3, 13, 17—24). (RH =relative
humidity, v=air velocity, DB=dry bulb temperature,
MRT =mean radiant temperature, M =metabolic rate,
Iy =thermal insulation of clothing)
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One would expect that the limits proposed by vari-
ous authors would be fairly similar. However, figure
1 proves that this is not the case. Such differences must
irritate every practitioner. It should be mentioned that
similar discrepancies appear when other values of the
parameters are considered (25).

When the procedures for deriving the various limits
presented in figure 1 are analyzed, some, but not all,
of the reasons for the differences may be detected.
Some limits, for instance, were based on practical ex-
perience collected in only a few climates. Others are
results of more systematic studies in climatic chambers.
When physiological measurements were made, dif-
ferent responses of the body were used as criteria, or
different maximum values of the chosen criterion were
applied. Furthermore, some limits were not derived
from physiological investigations, but were instead cal-
culated from heat balance equations. In such cases,
sometimes different assumptions were made con-
cerning the mean temperature, the wetness of the body
surface, heat transfer coefficients, etc. Finally, it must
be remembered that individual differences in heat toler-
ance are also reflected in the limits.

Subjects and methods

This situation induced us to start trying to answer some
of the remaining questions with the use of a climatic
chamber and the conditions presented in figure 1. A
group of 13 young healthy men, acclimatized to heat,
volunteered to participate, and 266 experiments, mostly
walking up to 4 h on a treadmill, were conducted. We
recorded rectal temperature, skin temperature at six
sites, and heart rate continuously. Work was inter-
rupted every 30 min for 3 min, during which body
weight was measured. Ad libitum water intake, oxygen
uptake, and carbon dioxide loss were taken into ac-
count in the calculations of extrarenal water loss.
Respiratory measurements were made every hour. The
experiments were always performed in the morning af-
ter about 1 h of rest in bed under thermally neutral
conditions. The measuring methods have been
described elsewhere (26).

Results

The arrangement of the climatic conditions of one of
the series is presented in figure 2, showing the eleva-
tion of rectal temperature of one of the lightly clothed
subjects at the end of work. Forty experiments were
carried out in this series at ambient temperatures be-
tween 24 and 50°C and relative air humidities from
about 10 to 95 %. The relationship between rectal tem-
perature and climate was described by a mathemati-
cal equation (28), which is represented in the figure
by the drawn curves. Although rectal temperature was
not affected by air humidity at an ambient tempera-
ture of 24°C, it increased in very dry air as the am-



bient temperature increased, and it also increased in
higher humidities at elevated temperatures.

It would now have been an easy step to transfer these
results onto a psychrometric chart and to derive rec-
tal isotherms, lines of equal rectal temperatures in re-
lation to ambient temperature and air humidity. Dia-
grams similar to figure 2, however, were obtained from
the respective results of other physiological responses
measured in the same experiments. For this reason, we
analyzed the relationships between the various re-
sponses first to make sure whether or not parametric
influences existed. An example is given in figure 3. Our
observations showed that equivalence lines plotted on
psychrometric charts are identical when based on heart
rate and rectal and mean skin temperature as shown
in figure 4. It should be mentioned that a comparison
of the measured values and those calculated as indi-
cated by the curves resulted in correlation coefficients
usually ranging from 0.90 to 0.95.

When the time courses of the aforementioned phys-
iological responses were investigated, we found that,
by the second hour of exposure at the earliest, either
none of the responses had increased continuously (ie,
they reached steady states under the relatively light con-
ditions of the series) or they all continued to increase
(under the heavier conditions). The “‘steady state lim-
it’* occurred at an average heart rate of 97 beats/min,
a rectal temperature of nearly 37.8°C, and a mean skin
surface temperature of nearly 36°C under the given
work conditions (figure 4).

The next step was to analyze the behavior of weight
loss, which corresponds approximately to sweat loss.
Contrary to the results of figure 3, the relationship be-
tween body temperatures and heart rate, respectively,
and weight loss was not independent of the combina-
tion of ambient temperature and air humidity (12, 29).
Combinations of climatic conditions equivalent in re-
gard to body temperature and heart rate were unequal
to those found to be equivalent in regard to weight loss.
Figure 4 shows climatic conditions of equal weight loss
from 100 to 900 g - h—!. This divergency between the
behavior of sweat loss and the other responses was
found in every series of experiments.

The existence of two equivalence systems raises the
essential question of whether body temperature and
heart rate or sweat loss should be used as the criterion
for describing climatic conditions of equal heat stress.
When figure 4 is examined, one obviously important
consideration becomes apparent, ie, that the steady
state limit is intersected by various lines of equal weight
loss. This situation applies, for instance, to the curve
of 500 g - h—! weight loss. Along this curve, thermal
equilibrium was reached when the ambient tempera-
ture was about 40°C at relative humidities of up to
50 %, while heat accumulation occurred in higher hu-
midities combined with lower temperatures. It seems
to be a fundamental biological principle that condi-
tions of thermal equilibrium on one hand and heat ac-
cumulation on the other cannot be regarded as being
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Figure 2. Rectal temperatures at the end of work in different
ambient temperatures (Temp) and air humidities (subject OF,
40 experiments) (27).
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Figure 3. Relationship between final rectal temperature and
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Figure 6. Lines of equal basic effective temperature (BET) (33)
in comparison with mean rectal isotherms. (RH = relative hu-
midity, M = metabolic rate, |, = thermal insulation of clothing,
T, =mean rectal temperature, v = air velocity)

RH=100 80 60 40 %

mbar
sol M=850 ki/h
let =0.1 clo

40 13 subjects

20t 20

20
10%

Water Vapor Pressure

20 25 30 35 40 45 50 °C 55
Environmental Temperature (v=03m/s)

Figure 7. Lines of equal predicted 4-h sweat rates (P4SR) (35,
36) in comparison with mean rectal isotherms. (RH =relative
humidity, M = metabolic rate, I, = thermal insulation of cloth-
ing, T, =mean rectal temperature, v=air velocity)
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equivalent merely because weight loss does not differ.
Thus weight loss was excluded as a criterion, and the
physiological responses mentioned first were used as
the criteria of equal heat stress conditions.

The results of figure 4 were obtained with a single
subject as an example. During the last several years
about 50 similar series of experiments have been car-
ried out in which the effects of various work levels (12),
clothing ensembles (29), or air movements (30, 31) were
also studied. In 13 of these 50 series, 13 different men
served as test subjects under the same parametric con-
ditions as in the series presented in figure 4. These 13
series enabled us to study interindividual differences
and to derive mean rectal isotherms as shown in fig-
ure 5. The individual differences were considerable,
as shown by the standard deviations, in spite of the
fact that only young, healthy, seemingly equal men
were investigated (32).

Figure 5 also shows data obtained by Wyndham
(13), who seems to be the only investigator having car-
ried out similarly comprehensive and comparable
studies, although he restricted his experiments to cli-
mates with high humidity. It can be seen that both
series of isotherms agree fairly well.

The derivation of mean rectal isotherms provides the
opportunity for comment upon a fairly old question,
namely, upon the extent to which various climatic in-
dices actually describe physiologically equivalent cli-
matic conditions. Together with the mean rectal
isotherms, figure 6 shows the basic effective tempera-
ture (BET) (33), an index more than 60 years old, but
still somewhat in use today. It can be seen that, under
the conditions used, the BET overestimates air humid-
ity under relatively mild heat conditions, but is nearly
parallel to the mean rectal isotherm at 29 and 31°C,
except when the air humidity is low and the environ-
mental temperature is correspondingly high. The same
applies to still heavier climates corresponding to slightly
higher effective temperatures.

It is not surprising that a very similar diagram results
from a comparison of the mean rectal isotherms with
curves of equal wet bulb globe temperatures (WBGT)
(25). This index is frequently used, for instance by the
National Institute for Occupational Safety and Health
(34) in 1986, for describing ‘‘recommended heat stress
exposure limits.’” This similarity goes back to the fact
that, according to an unpublished notice of Yaglou,
WBGT is nothing more than a “‘simplified version of
the Effective Temperature Scale best suited to practi-
cal use in the field by personnel unskilled in psychrom-
etry.”’ The historical connection between the BET and
WBGT is often unrecognized even though Yaglou par-
ticipated in the development of both these indices.

Figure 7 demonstrates lines of equal values of the
predicted 4-h sweat rate (P4SR) index (35, 36). Con-
trary to slopes of the BET in figure 6 the P4SR values
coincide fairly well with the rectal isotherms, particu-
larly in the range of mild and medium climates. The
systematic intersections of the isotherms correspond



to the results shown in figure 4. These comparisons
have been restricted to only a few indices even though
others might also be of interest. However, the ques-
tion of heat indices will be taken up again in the dis-
cussion of another aspect of the findings.

Now let us reconsider the different upper tolerable
limits proposed by various authors (figure 1). Figure
8 demonstrates the whole climatic range in which these
limits are situated. In addition, the mean rectal
isotherms have been inserted. Although rectal temper-
atures up to about 38.2°C are usually tolerable, the
mean rectal isotherm of 38.2°C must probably not be
considered as a tolerance limit applicable to a greater
population. Because of individual differences in heat
tolerance, it has to be expected that, under the climatic
conditions described by the mean isotherm of 38.2°C
in figure 8, less heat tolerant men will reach higher rec-
tal temperatures and, therefore, may be endangered.

Discussion

The fact that some subjects will always reach higher
rectal temperatures leads to the question of the actual
health risk of a greater population in climates described
by various mean isotherms. It was not possible to
answer this question from the results of the climatic
chamber experiments that have been presented in this
report. For safety reasons the exposure time was usual-
ly shortened if the rectal temperature of the respec-
tive test subject exceeded the ‘‘safe’’ level of about
38.3°C. “‘Potentially critical’’ rectal temperatures near
or above 39°C were reached by the subjects in only
a few experiments. More daring studies have been car-
ried out, however, by other investigators (8, 13, 38).
Wyndham (13) and his co-workers exposed men to
severe conditions of work and ambient climate pro-
ducing rectal temperatures of 39°C or higher in a num-
ber of cases. They derived distribution curves of rec-
tal temperatures applying to greater groups of subjects.
Using these data, they calculated mean rectal temper-
atures on one hand and the risk of reaching various
temperatures above the mean values on the other. As
shown in figure 5, the mean values worked out by
Wyndham and the corresponding mean rectal iso-
therms agreed very well. For this reason, it seemed
justified to make use of Wyndham’s data, indicating
how often higher rectal temperatures are observed.
They demonstrated that under climatic conditions
producing the ‘‘safe’” rectal temperature of 38.2°C on
an average, the rectal temperature of one man out of
150 can be expected to reach 39°C (figure 8).

In fact the very point at which the various proposed
limits of figure 1 differ from each other can be seen
in figure 8 as the conditions under which the risk is
1:500 000 (37.6°C isotherm). For many years, discus-
sions have been under way about which proposed limits
are ““too high”’ or ““too low.” Such discussions are use-
less, as the suppositions necessary for answering this
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question are still missing. It is first necessary to answer
the essential question of what particular health risk
should be accepted. However, the answer to this ques-
tion has, in the end, to be provided politically. It is
certainly a medical task to evaluate data of risk, but
it is doubtful whether the answer should be expected
from the field of medicine. It has to be realized that
an upper tolerance limit per se does not and cannot
exist. Data like those presented in this report permit
permissible environmental conditions to be specified,
but only after society has decided what health risk is
to be accepted.

In spite of his great experience with heat stress,
Wyndham abstained from making this decision. There
seem to be only two very careful remarks in his publi-
cations that one might perhaps take into consideration,
a climatic limit which — under the parametric condi-
tions already mentioned — would be situated in the
range of the mean rectal isotherm of 37.6°C (ie, the
level at which the risk of a potentially critical rectal
temperature of 39°C being reached is 1:500 000). The
proposals — partly higher, partly lower — of some
authors were formulated in a more apodictic way.
Others, however, have formulated their proposals fair-
ly carefully and with certain reservations.

The next obvious step is to compare the various
proposals with particular reference to the 37.6°C iso-
therm and, in addition, to its relatively large standard
deviation. This comparison is shown in figure 9. The
diagram shows that the majority of the proposed limits
are situated fairly close to the isotherm, at least
within the hatched range of individual variability of
the 13 subjects. Only a few exceptions exist. The
highest limit, proposed by Givoni (21), corresponds
roughly to the mean rectal isotherm of 38.2°C, which
is not plotted in figure 9. When developing his “‘in-
dex of thermal stress,”” Givoni calculated this curve
for describing climatic conditions producing a sweat
rate of 1100 g - h~!, which he considered “‘as the up-
per limit under prolonged exposure for healthy and ac-
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climatized men [p 8].”” He found in his experiments
that ‘““when average weight loss was approximately
1100 g/h, rectal temperature was 38.3°C [p 3].”” His
calculation of the mean curve was fairly correct. How-
ever, he did not consider the risk of reaching rectal
temperatures above 38.3°C, in particular the possibly
critical temperature of 39°C.

The limit of Adam et al (17) and Ellis (20) cor-
responds to a P4SR of 3.0 1. It is situated slightly above
the upper range of the standard deviation of the iso-
therm in figure 9. On the other hand, the lower part
of Eissing & Hettinger’s limit (19) approaches the lower
range of this standard deviation. It is based on calcu-
lations of the so-called ‘‘required sweat rate’’ by Vogt
et al (39, 40).

The limit proposed by Lind (22) and Wyndham (13),
corresponding to Wyndham’s proposal of an effective
temperature of 31°C, is similar to that of Dasler (3)
(WBGT =32°C). Both these limits coincide with the
37.6°C isotherm at high air humidities, but deviations
occur for dry and correspondingly hot climates. It has
to be remembered, however, that the studies of Wynd-
ham were restricted to the climatic conditions of South
African gold mines, which are characterized by high
humidity.

If one considers the standard deviation of the iso-
therm presented in figure 9 generously, the conclusion
could be reached that neither most of the limits pro-
posed nor the indices differ extremely. However, the
slopes of the limits could be analyzed more in detail.
Some of the limits are linear or nearly linear, while
others are curved. Although nearly all of the limits are
situated within the area of the standard deviations, the
differences should not be underestimated. As already
mentioned, exposures to climates of this range gener-
ally result in a relatively small health risk. However,
the risk for conditions in the upper part of the stan-
dard deviation range may be about a hundredfold of
the risk for conditions in the lower part. Thus a con-
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siderable increase of risk with increasing ambient tem-
perature would apply to those limits which are linear
and relatively flat, for instance, the limit of Belding
& Hatch (18).

Numerous results from systematic physiological
studies on humans have indicated that physiological
equivalence is nonlinear, ie, is slightly curved in this
range of climate. One of the oldest of these studies (41)
was published in 1945. Under these circumstances,
linear equivalence lines or — in the present case —
linear limits can be suspected to contain errors or sim-
plifications.

On the other hand, the limits of Adam et al (17) and
Ellis (20), Eissing & Hettinger (19), and Smith (24) are
more curved than the isotherm. They are the very limits
with sweat rate as the criterion. It has already been
pointed out that there are two opinions about the ques-
tion of whether this response is a suitable criterion for
describing climatic conditions producing equal heat
stress. For this reason, a line only slightly curved, like
the 37.6°C isotherm, can be suggested as an equiva-
lence line. Whether this isotherm is considered simul-
taneously as the upper tolerance limit under the para-
metric conditions discussed, however, depends upon
the pivotal question of whether the corresponding
health risk will be accepted by society.

Concluding remarks

The heat stress conditions chosen as an example for
this survey are easily visible at first glance. However
only two of the six main factors contributing to heat
stress were considered, ambient temperature and air
humidity. Nevertheless, even this simple example
shows that the evaluation of an upper tolerable limit
includes several problems. The first is the divergency
of the different limits proposed previously by various
authors. This divergency led to the question of which
physiological responses of humans under heat stress
can be used as criteria for describing tolerable condi-
tions. Carrying out a total of about 1000 whole-day
climatic chamber experiments over a number of years
produced another problem in so far as much patience
was required of all those concerned, ie, both the in-
vestigators and the test subjects. The results obtained
made it possible, however, to touch the old problem
of the reliability of various heat stress indices.

The fact that 13 subjects were studied under com-
parable conditions proved the importance of individual
differences for any statements about tolerance limits.
The results proved that an upper tolerance limit per
se does not exist and that the essential problem is to
obtain the inevitable decision of society on what health
risk should be accepted. One observation was made
which might be helpful to those involved in this work.
The range of climate in which most of the various
diverging limits proposed in the past are situated is
similar to the range of climate corresponding to the
individual variability of the 13 subjects who volun-



teered for the described experiments. The survey may
offer some information with which to obtain an an-
swer to the question under discussion.
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