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Introduction
Heat stress is a term in universal and reasonably
consistent use. It expresses an easily understandable
concept of a heat load on the human body, with an
implication in the word "stress" that, as a result of
this heat load, physiological thermoregulatory
mechanisms may be significantly strained. The total
heat load on the body is in fact the sum of metabolic
and environmental heat.
It is no less obvious that in certain industries, of
which mining, glass, and steel are proven examples,
men may work in spaces where environmental
temperature conditions far exceed the severity of
naturally occurring climatic heat. Men may be
exposed to such conditions continuously throughout
a working shift, or intermittently, as for example if
furnace doors are opened periodically. In these
matters, considerable understanding has been reached
of the measurement and relative importance of the
components of environmental heat stress, of the
physiological responses of men so exposed, and, in
interrelating these two, of how hot environments
may be assessed in terms of acceptable or safe
limits of physiological strain (that is to say, " heat
tolerance ").
Manufacturing, once the prerogative of countries
now called developed, is spreading rapidly. A large
proportion of developing countries have naturally
hot climates. If the manager of, say, a glass factory
in West Africa describes his plant and his labour
schedules and asks: " Have I a health problem in
terms of heat? ", is the answer already recoverable
from available and published information? Does the
answer depend on a set of environmental and/or
human measurements that must be made in the
situation under question? And is universal acceptance of such a set of measurements, and of the
meaning of its results, possible today?
It is time to ask heat and work physiologists to
discuss specifically these questions. If it is then felt
that further research is required, it may be possible
to integrate this need with the activities of the
International Biological Programme (IBP). The
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Human Adaptability Section of the IBP is embarking
upon a study of the thermoregulatory capacities of
different ethnic groups; the interest lies with biological phenomena rather than with occupational
medicine, but research workers who participate in
different countries will be asked to use a predetermined and standard methodology in terms of
thermoregulation and heat tolerance.
The paper which follows is a brief review of what
is known about heat stress, man's responses to it,
and acceptable limits of human tolerance to heat.
It is intended as no more than a starting-point for
discussion of the questions raised above. Industrial
heat stress is presented as the main issue, but it
cannot be overlooked that men may live as well as
work in high surrounding temperatures. It appears
to the reviewer, however, that in terms of heat
tolerance and of working efficiency in hot surroundings, a truly practical evaluation of factors such as
residence in tropical climates, age, nutrition, and
general health, must await international acceptance
and application of one index (or at worst, a limited
number of indices) of heat stress or heat strain.

Heat stress
The heat stress imposed by the environment
comprises several factors influencing bodily heat
gains or losses. It is now standard practice to
measure the air temperature and humidity, air movement, and radiant heat components of the environment in question. It is also standard practice to use
an aspirating or even a simple sling hygrometer for
air dry-bulb (DB) and wet-bulb (WB) temperatures,
a silvered katathermometer for omnidirectional air
movement, a vane anemometer for unidirectional air
movement, and a black-globe thermometer for
radiant temperatures. In a more sophisticated
assembly with the possibility of automatic continuous
or intermittent recording, thermocouple or thermistor sensing elements may be used to provide DB,
WB, and globe temperatures, and a heated-thermocouple probe for air movement. All these instruments, and the techniques of their use, have been
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adequately described (Bedford, 1946; Dukes-Dobos
et al., 1966; Leithead & Lind, 1964). The blackglobe thermometer requires 20 minutes for equilibration with an unvarying radiant-heat source, and this
time lag is a serious disadvantage in many industrial
situations; a modification of the globe, with an
internal fan and a thermocouple sensor element, has
been described (Hellon & Crockford, 1959), but the
time lag for equilibration is still 6 minutes. With
this reservation on the globe thermometer, the
instruments mentioned here appear adequate for
most general purposes, and should be used in any
situation in which it is desired to derive a heat stress
index.
A heat stress index attempts to integrate into one
figure all the environmental factors, of a given
climate, which have a bearing upon bodily heat gains
or losses. This figure is given a human safety or
health significance by either theoretical or practical
means. The theoretical approach is based on
various refinements of the basic heat-balance equation: M±R+C E=eq, where M is the heat of body
metabolism, C and R represent heat gained or lost
by the body by convection and radiation respectively,
and Ereq is the amount of sweat evaporation and
resultant cooling required to balance the equation
and maintain body thermal balance. The practical
approach includes making observations on such
matters as the comfort (by asking), the physiological
responses (in terms of body temperatures, heart rates
or actual sweat losses) and the tolerance times of
men exposed at various levels of the index. Tolerance
times have been taken variously as the time elapsing
before men withdraw voluntarily from the climate in
question, or reach a predetermined limit of heart
rate or body temperature, or reach physical exhaustion or actual collapse. If the foregoing concepts are clearly enough expressed, it should be
evident, first, that if any one index has been derived
for a large number of different climates, a scale of
environmental heat has been made, and that the
figures therein are usually no more than figures,
although they may be expressed as temperature
degrees or as volumes of required sweat; and second,
that the larger the number of climates studied, the
number of men observed in these climates, and the
variation in work rates employed (for evaluation of
the component M), the greater is the final practical
value or application of the index. Thereafter there
must still remain factors of potential significance
such as the degree of heat-acclimatization, the agerange, the general health and nutrition, and the

clothing of the men involved, and intermittent
exposure to the heat as against 2 or more hours'
continuous exposure; some of these factors have
been studied.
Many heat stress indices have been devised;
indeed the very number available may imply individual frailties. Individual shortcomings do exist,
but the number of indices available speaks more for
the evolution of ideas and techniques. For the
record, the following indices have been described
and/or used (the list is in more or less historical
sequence and is almost certainly incomplete): the
Heated Thermometer (Heberden, 1826), Wet-Bulb
Temperature (Haldane, 1905), Katathermometer
(which measures the cooling power of the environment) (Hill et al., 1916), Wetted Black Ball (Wenthen, 1955), Effective Temperature Scale (ET)
(Houghten & Yaglou, 1923; Yaglou, 1927), Equivalent Warmth Index (Bedford, 1926), Corrected
Effective Temperature Scale (CET) (Bedford, 1946),
Operative Temperature Index (Winslow et al., 1936,
1937), Predicted Four-Hour Sweat Rate (P4SR)
(McArdle et al., 1947), Belgian Effective Temperature
Scale (Bidlot & Ledent, 1947, 1950), Resultant Temperature Scale (Missenard, 1948), Heat Stress Index
(HSI) (Haines & Hatch, 1952; Belding & Hatch,
1955), Wet-Bulb Globe-Thermometer Index (WBGT)
(Yaglou & Minard, 1957), Oxford Index (Lind & Hellon, 1957), Index of Thermal Stress (a modification of
HSI) (Givonni, 1963), Relative Strain Index (Lee &
Henschel, 1963), and most recently a further modification of HSI and the Index of Thermal Stress
(Vogt & Metz, 1966). Abbreviations in common use,
particularly ET, CET, P4SR, WBGT, and HSI, are
repeated below.
The readings of single instruments such as the
wet-bulb thermometer or the katathermometer,
which measure two or more environmental factors,
do not adequately provide a scale of heat stress and
should not be used in this way; it is a different
matter to use the katathermometer reading, for
example, to represent the cooling power of the
environment in heat balance equations (DukesDobos et al., 1966; Bognar et al., quoted by DukesDobos et al., 1966).
The initial design of the ET and Equivalent
Warmth scales (the two are almost identical) was to
assess the comfort of men (a) stripped to the waist
and (b) fully clothed, in any combination of DB and
WB temperatures and air movement, using as a
reference a still, saturated environment in which
immediate sensations of comfort or warmth were

OCCUPATIONAL HEAT STRESS AND MAN S RSPONS65ES

identical to those experienced in the test climate.
(The ET scale was elaborated in degrees Fahrenheit,
but a conversion to degrees Centigrade has been
published (Lavenne, 1965).) The subsequent correction of ET to account for radiant heat was found valid
(Ellis et al., 1953) and the ET and CET scales have
been widely used, as an index not simply of probable
comfort but also of heat stress. The Resultant Temperature Scale provided another modification of ET,
in allowing more time for equilibration between body
and environment before comfort or discomfort was
expressed. It is important to emphasize that although
the ET scale and its analogues were derived without
taking account of work and different work rates,
they have been applied both in the laboratory and in
industry to situations involving both heat and work
(Benson et al., 1945; Dukes-Dobos et al., 1966;
Dunham et al., 1946; Ferres et al., 1954; Garden et
al., 1966; Gerking & Robinson, 1946; Givonni,
1963; Gold, 1964; Haines & Hatch, 1952; Haldane,
1905); the net conclusions from these studies
are that ET scales are inadequate and misleading
when related to men working in severe, and in
particular humid, heat. The question must be raised,
and answered, is the ET (and CET) scale an adequate
index for use in industry? The evidence suggests it
is not.
The WBGT index was devised originally for use
in the United States Army, in outdoor climates. It
is simpler to handle than the ET scale, which itself is
by no means difficult. The WBGT is derived from a
weighted formula: 0.2 radiant temperature (black
globe)+0.1 DB+0.7 WB, and yields a scale closely
similar to the CET. It appears that an apparatus has
been developed to make the necessary measurements
and adjustments automatically. If so, the technique
is attractively simple, but the index presumably
shares the shortcomings of the ET scales, and to the
reviewer's knowledge has not been applied to indoor
industrial environments. The Oxford Index (0.15 DB
+0.85 WB) resulted from the comparison of the
heat tolerance of men working in severe conditions
(particularly in respect of humidity) beyond the
scope of the ET or HSI indices; no universally valid
application to industry has been claimed for it.
Presumably the same comment applies to another
weighted formula recently published (0.3 DB+
0.7 WB) for prediction of tolerance times in severe
heat (Bell et al., 1965).
The P4SR index takes into account the environment and the metabolic work rate and type of
clothing of the men exposed; the reference unit is
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the sweat loss resulting from a 4-hours' stay under
test conditions. As in the case of the ET scales, a
nomogram is available for derivation of the index,
The index for a given climate is best considered as
no more than a figure, although at values below 5 it
will approximate the average amount of sweat to be
expected, within the limits of sampling error, in a
group of young, fit and acclimatized men exposed to
the conditions for 4 hours. In fact, the P4SR has
been sustained by many testings (Lind & Hellon,
1957; Ferres et al., 1954; Brebneret al., 1958; Bellet
al., 1965; Adam et al., 1952; Wyndham et al., 1953;
Wyndham, 1954; Lbfstedt, 1961), and must be considered seriously as a valid heat stress index for industry.
Criticisms are directed mainly at the use of sweat
loss as the reference unit, since it is abundantly clear
that heat acclimatization (particularly to humid
conditions) increases sweat production (Ellis et al.,
1953a; Bean & Eichna, 1943; Robinson et al., 1943;
Lind & Bass, 1963), and that work in severe heat
leads rapidly to a " fatigue " or " suppression " of
thermal sweating (Hancock et al., 1929; Ladell, 1945,
1967; Gerking & Robinson, 1946; Wyndham et al.,
1966).
The remainder of the indices listed above are
based on body heat-balance equations first applied
by Winslow, Herrington & Gagge (1936). This
approach has been studied in many countries,
including the USSR (Budyko & Cicenko, 1960;
Kandror et al., 1966), and it has led through various
stages (Haines & Hatch, 1952; Nelson et al., 1947)
in the United States of America to the Heat Stress
Index (Belding & Hatch, 1955). The HSI is based
upon a comparison of the amount of sweat that has
to be evaporated (Ereq) to maintain thermal equilibrium, with the maximum amount of sweat that can
be evaporated under the prevailing climatic conditions (maximum evaporative capacity). The ratio
of these two factors is the Heat Stress Index of a
given set of conditions. As in the P4SR, the reference
unit is again sweat production, and account is taken
of all the climatic variables and of metabolic heat
production. Examined in its original form, the index
did not display a high accuracy of prediction and
was found inferior to the P4SR (Lofstedt, 1961, 1966),
but by now the potentialities of the original design
have attracted various refinements. Inherent in the
original index were the assumptions of a fixed body
surface area, a fixed level of skin temperature,
insignificant heat exchanges in the lungs, and no
heat storage in the body; there was one notable
weakness in that the heat exchange coefficients
11
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referred to nude men, whereas in most industrial
situations men wear boiler suits or overalls over
underclothes. The original authors have reconsidered
the heat exchange coefficients (Hatch, 1963), and
the effect of clothing (Hertig & Belding, 1963). The
Index of Thermal Stress developed in Israel (Givonni,
1963) is similar to the HSI and takes account of the
actual cooling efficiency of the sweat produced, and
in the most recent development of the HSI in
Strasbourg (Vogt & Metz, 1966), a 12-stage operation
leads through heat-balance equations and the coefficients proposed in the Index of Thermal Stress to
a prediction of a time limit for human exposure to
the conditions in question; this tolerance time is
based on a maximal permissible rise of 1.2 degC in
body core temperature. The full value and applicability of this currently final index of heat stress is
not yet clear, but the study and accounting of the
various channels and components of body heat
exchanges have always seemed likely to yield the
optimum result.
So much for the heat stress indices available to
industry. The use of any one of them in industry
necessitates a fact-finding period of observation of
work profiles, and environmental measurements in
both working and recovery areas. Many studies in
industrial heat stress have been done in the mines of
Europe, India, and South Africa, but underground
workings nearly resemble the laboratory in the
consistency of environmental conditions and of work
and heat loads on the men involved. The industrial
medical officer entering his factory or mill with, so
to speak, a sling hygrometer in one hand and a heat
stress nomogram in the other has many special
problems to face. Men are exposed intermittently to
heat, often for brief periods, and between these
exposures may work in an environment of no
significant heat stress, or may even enter a cooling
area. The workmen themselves are not necessarily
all young fit men (as are the subjects of most laboratory observations), and the individual rate of energy
expenditure is seldom uniform throughout a shift.
Nevertheless valuable studies have been undertaken
(Sen et al., 1964a, 1964b, involving a cotton mill
and a soap factory respectively; and Stoddard, 1966,
referring to a gaseous diffusion plant) and the type
of problems and their resolution clearly described
(Stoddard, 1966; Dukes-Dobos et al., 1966;
Henschel et al., 1966; Hertig, 1965). A recent study
in the United States of America (Dukes-Dobos et al.,
1966; Hen4chel et al., 1966) is particularly instructive
as regards the problem of accounting for periods of

actual cooling which may alternate in factories with
periods of heat exposure.
Heat strain

The physiological consequences of heat stress most
commonly and readily observed concern the heart
rate, the body core temperature, and sweating. The
heart rate responds (inter alia) also to physical
exercise or work, and the core temperature and
sweating will respond to the metabolic heat load of
the work undertaken. In fact, the problem of heat
stress is almost invariably one of work in the heat,
and the relationship of heat and work in the final
physiological responses to the situation is a complex
one. Adjustments of the circulation to heat stress
involve an increase in skin blood-flow, whereas
adjustments to physical work involve an increase in
muscle blood-flow. The circulatory responses to
heat and to work are therefore not synonymous and
indeed are to some extent competitive. Perhaps for
these reasons, the effects of heat and work have been
studied and assessed together in most instances, and
no universally applicable index of physiological heat
strain has emerged.
On the other hand, the possibility of developing
such an index has not been ignored. Concerned
primarily with exposures of short duration (20 minutes) to extremes of heat (DB 60°C-1 15°C), Blockley
& Taylor (1949) proposed an index of physiological
strain in which account was taken of heart rate and
skin temperature. A series of studies in less severe
heat (Marzulli et al., 1948; Robinson et al., 1950)
led to the Circulatory Strain Index (Craig, 1950),
I=(H/100+ T+S), where H is the heart rate at the
end of the first hour of exposure, T is the rise of
rectal temperature in degrees Centigrade per hour,
and S is the sweat loss (nude weight loss) per hour.
A recent proposal (Gold, 1964) modifies the Circulatory Strain Index to take account of starting as
well as final heart rates, and of the significance at
different heart rates of increments of, say, 10 beats
per minute, and then correlates these factors to body
heat storage. Finally, Hatch (1963) has proposed on
theoretical grounds an index of strain based on the
ratio of cutaneous blood-flow to cardiac output.
It must be clear that with their relationships to
comfort (Yaglou, 1927), sweat loss (McArdle et al.,
1947; Belding & Hatch, 1955) and now finally to
sweating and heat storage in the body (Vogt &
Metz, 1966), the heat stress indices make some effort
to encompass heat strain, but there are many
questions left unanswered. Are starting heart rates
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important in terms of final heart rates ? Is an
increment in heart rate more important at 150 beats
per minute than at 11O beats per minute? Is the
time taken for the heart rate, or core temperature, to
"recover" after exercise in heat also important?
These are fair questions, without at present too many
answers. In recent trials in Cincinnati, there was
much indirect evidence that starting heart rates may
well influence individual tolerance times of work in
heat (Henschel & Humphreys, 1967; Dukes-Dobos
& Lbfstedt, 1967). Studies of physiological reactions
to work at moderate temperatures suggest that in
light and medium work the heart rate reaches a
steady state after an initial rise, while in heavy work
the heart rate rises progressively; further, the time
taken for the heart to return to resting levels depends
upon the rate at cessation of work. Since in these
studies by Brouha (1960) it was found also that heart
rates recover in a remarkably uniform way after
maximum effort for differing but short periods, it
would appear that body heat storage influenced the
recovery rates observed. In fact, it was shown in the
Max Planck Institute that, after work in the heat,
the ear temperature and pulse frequency return more
or less together to a steady state, and Wenzel (1965)
has concluded from these observations that recovery
periods could be used as a strain index by which to
grade occupational heat exposures (provided that
heat injury was not induced by the exposure). In
further investigations in the same laboratory
(Wenzel, 1966), it was found that the highest heatstress levels at which pulse frequency and rectal
temperature could reach steady states under warm
conditions were independent of the combination of
air temperature and humidity but depended upon
work (metabolic) rate. A recent study (Kraning et
al., 1966) to determine the relative effects of equivalent amounts of metabolic and of external heat on
heart rate and rectal temperature has shown that the
heart rate response to metabolic heat is twice that to
exogenous heat, whereas rectal temperature is
affected about equally in each case. The influence of
radiant heat on physiological strain has been
examined (Suggs, 1965) and it appears that in warm
climates, a 7 degF (4 degC) increment in radiant
heat load is equivalent to a 1 degF (0.6 degC) increment in air DB temperature, in terms of heart rate
response.
It appears to the reviewer that, as has been stated
above, no index of physiological strain is sufficiently
evolved for application to industry. No two combinations of metabolic and exogenous heat loads elicit
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the same combination of heart rate, rectal temperature, sweat loss and cardiac output (Wenzel, 1965;
Kraning et al., 1966). The practical situation of
factory work includes further variables such as age,
sex, nutrition, health and heat-acclimatization
state of the employers concerned. Heat acclimatization is a widely studied and documented phenomenon
and requires no lengthy restatements. The physiological changes which are the most readily and
commonly observed during acclimatization to
unvarying conditions of heat and work are as follows:
progressive reduction of heart rate and rectal
temperature increments, and a concomitant increase
in sweat production, on each successive exposure
(Bean & Eichna, 1943; Robinson et al., 1943; Lind
& Bass, 1963; Bass, 1963). There are, however,
some facts about acclimatization of importance to
industrial considerations, and these are: it begins
with the first exposure, and is well developed in
4-7 days: no more than 2 hours' exposure daily is
required to develop full acclimatization to unvarying
work in the prevailing conditions-according to the
evidence, 100 minutes daily in dry heat (Lind &
Bass, 1963) and 120 minutes in wet heat (Garden et
al., 1966); men acclimatized to high heat loads are,
of course, equally well able to work in lower
temperatures, but are not less strained when so
doing than are men fully acclimatized to these lower
temperatures (Horvath & Shelley, 1946); and individual variations in physiological response to heat
exposure are much reduced when acclimatization
has been completed (Bass et al., 1955). There must
be a maximum adaptative response that can occur,
so that further heat load will not evoke further
adaptation; certainly there is an upper limit to the
heat load to which men may be safely exposed.

Upper acceptable limits of heat exposure
These limits may be, and have been, called
tolerance limits or tolerance times, since the duration
of exposure to severe heat is obviously an important
consideration. Other terms which have been used
include endurance limit and threshold limit value.
As originally coined, the terms are not absolutely
synonymous, since, as is explained above, tolerance
times have been based on various criteria-for
example, on voluntary withdrawal from the test, or
on the observed arrival of the subjects at some
arbitrarily predetermined upper limit of rectal
temperature or heart rate. Clearly it would be an
advantage if a standard and comprehensive terminology were adopted. The thermal limits for different
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conditions of heat and work were reviewed in the
recent past by Lind (1964), and his basic approach of
defining these conditions as intolerable, just tolerable,
and easily tolerable is followed below.
Intolerable conditions. If an industrial medical
officer were to be asked to summarize his problems
in regard to heat stress, he would reply: emergency
conditions, as in a breakdown within a super-heated
space, intermittent exposure to high levels of heat
stress, and hard continuous work in what might be
described as conventionally acceptable levels of
environmental heat. This identification of the
problems fits very well Lind's division of heat
tolerance. The meaning of intolerable heat stress is
that men exposed cannot maintain thermal equilibrium and that it is a matter only of time before
body temperature reaches a dangerous level. A
marine electrical engineer, repairing a fault between
boilers in a space where air temperature was 82°C
and radiant heat load was not measured, fell unconscious within an hour with an axillary temperature of 42.2°C (Leithead, 1964); in short, this is a
striking example of both emergency and intolerable
conditions.
Information on intolerable environments is limited.
In one investigation mines rescue personnel, unacclimatized to heat, were required to work at an
average energy expenditure of 360 kcal/h in saturated
air at 29.4°C and 37.8°C, and also in a series of
non-saturated environments, and from the results of
this study the Oxford Index (WD=0.15 DB+0.85
WB) of excessive heat stress was proposed (Lind &
Hellon, 1957). This index was shown subsequently
to relate satisfactorily to climates of similar severity
tested in other laboratories, despite differences in
work rates, acclimatization, air movement, and type
of clothing worn (Lind, 1963b, McConnell &
Yaglou, 1925; Bell et al., 1962; lampietro & Goldman, 1965). Iampietro & Goldman (1965) found the
Oxford Index to be superior to the WBGT Index for
the conditions tested. The conditions in all these
investigations lay outside the tested range of the
P4SR or HSI scales, and the ET scale was found
unsatisfactory. The tolerance times of seated men
exposed to saturated climates with air temperatures
ranging from 35°C to 45°C and to dry heat with air
temperatures from 71°C to 116.5°C have also been
examined, and the Oxford Index was found by Lind
(1964) to provide a smooth hyperbolic relationship
with tolerance time (using results from various
investigations; Lind & Hellon, 1957; Blockley &

Taylor, 1949; McConnell & Houghton, 1923;
lampietro et al., 1961; Provins et al., 1962). It may
perhaps be added that the authors of one of these
investigations (Bell et al., 1962, 1965) thought that a
slightly different weighted formula (0.3 DB +0.7 WB)
gave them as good an index of the conditions tested.
The question is whether the Oxford Index has been
adequately studied and is accurate enough for
application to industry. A possible alternative is the
attempt by Blockley (1963) to incorporate the bodyheat storage rate into consideration of tolerance
times at air temperatures of 60°C-116°C; the tolerance times of his seated subjects in very hot, dry, and
almost still air appear surprisingly long. Universal
applicability for practical purposes is claimed for
this method, which no doubt means its universal
applicability to the conditions of environment and
clothing, etc., in which it was devised and tested.
The applicability of most indices of heat stress or
strain has been narrowed progressively by wider
testing.
Just tolerable conditions. This category is based on
observations of work at 125-340 kcal/h in temperatures ranging from 30°C to 50°C (DB) and 26°C to
38°C (WB) for periods generally not exceeding
4 hours (McArdle et al., 1947; Robinson et al., 1945;
Eichna et al., 1945; Ellis et al., 1953a). These observations include that from which the P4SR was developed and this index is therefore a useful one to apply
to this category of heat stress. The upper allowable
limits of the P4SR found are as follows: working,
acclimatized men 4.5; working, unacclimatized men
3; seated, acclimatized and unacclimatized men 4.0
and 3.0 respectively. Men appear to be able to
tolerate high rectal temperatures better when working
than when sitting (Ellis et al., 1953b), hence the lower
figure for seated acclimatized men. Apart from
criticisms of the P4SR mentioned in the section on
heat stress, it has been suggested recently (Wyndham
et al., 1965) that the original P4SR subjects, of
whom " an increasing number found the conditions
beyond endurance at 4.5", may have been inadequately motivated and may therefore have given up
too early. Many laboratory subjects have safely
tolerated conditions amounting to a P4SR of 5-5.5,
but what is required in industry is a limit covering the
safety of unacclimatized as well as acclimatized men,
and the weak as well as the strong.
Generally tolerable conditions. For work in moderately hot environments, it is well known that
increments in body temperature are induced primari-
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ly by the work (metabolic) rate (Nielsen, 193?;
Wyndham et al., 1963). Starting with the hypothesis
that for a given rate of work there would be a
critical level of added climatic heat load at which
rectal temperature could no longer remain dependent
solely on the rate of work and would rise, Lind
(1960, 1963a) in an extensive series of experiments
established for three levels of work or metabolic
rate-180 kcal/h, 300 kcal/h, and 420 kcal/h-that
an increase in the level of body temperature occurred
at Effective Temperatures (ETs) of 30.20C, 27.4'C
and 26.9°C.
The large range of climates in which body temperature equilibrium was dependent primarily on the
work rate was called the prescriptive zone. The
original observations were based upon 3 hours'
continuous work; however, more or less continuous
work throughout an 8-hours period with a total
energy expenditure of 2100 kcal in 3 different
climates chosen to be (a) well within the prescriptive
zone (b), near the upper limit of the prescriptive zone,
and (c) distinctly above the prescriptive zone confirmed the previous findings. Furthermore, individual variation in rectal temperatures at 300 kcal/h
in 4 climates (again selected within and above the
prescriptive zone) was such that the proposed
criterion for the definition of thermal limits appears
applicable to large numbers of men. The ET values
obtained in this way accord well with ET limits
decided by other methods or simply by experience
(Wyndham et al., 1965; Briiner, 1959). Highly
acclimatized subjects in saturated environments
(Wyndham et al., 1953) appear not to leave the
prescriptive zone until the ET is 1.6°C-3.3°C higher
than the figures quoted here, and it seems reasonable
to add an arbitrary 20C to the ET values obtained in
the original experiments. Hence at 180 kcal/h,
300 kcal/h and 420 kcal/h, ET limiting values would
be 32.2°C, 29.4°C and 28.9°C respectively. These are
levels at whicfr rectal temperature is influenced
significantly by environmental heat and must rise to
a higher level; it is not implied that thermal balance
is no longer possible, but heatstroke has occurred in
the South African mines at and above an ET of 27.7°C.
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In a recent criticism of this method of defining safety
limits for everyday work, it has been emphasized that
it gives per se no indication of how close individuals
may be to a point beyond which they can no longer
maintain thermal balance; it has been suggested in
turn (Wyndham et al., 1965) that conditions of work
in heat are easy if rectal temperatures do not exceed
38°C, and are excessive if rectal temperatures
approach 39.2°C.

Recapitulation
What has been written above on the indices of
heat stress and heat strain and on upper tolerable
limits for man, amounts to this:
(1) For exceptionally severe environmental heat,
we have no adequately explored and therefore
universally applicable index of the stress involved.
The Oxford Index, a simple weighting of the DB and
WB temperatures, correlates surprisingly well with
observed tolerance times, presumably only in the
absence of significant radiant heat. Blockley (1963)
has also provided an index for very hot and dry and
still air. These two scales require further study.
(2) For work in severe heat for periods of not
more than 4 hours, the P4SR scale is a satisfactory
method of assessing heat tolerance.
(3) For ordinary everyday work (the 8-hour shift)
in hot surroundings, what appear to be well-founded
limits for 3 different work rates have been established
in terms of the Effective Temperature (ET) scalebut not, be it understood, by using the criteria on
which the ET scale was originally based.
(4) In short, the industrial medical officer must
measure the parameters of the climate in question,
compute the metabolic rates involved (may be
possible from published lists) (Leithead & Lind,
1964), and turn thereafter to published details of the
P4SR nomogram and the Prescriptive Zone (Leithead & Lind, 1964). All this is dependent, however,
on how far the potentialities of the Belding & Hatch
HSI have been realized, and on more information on
the possibility of using recovery rates (particularly
in terms of pulse rates) as an index of heat strain.
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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 thermoregulatory mechanisms. High environmental temperatures 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.
2172B

Various physiological reactions have been proposed 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, Pergamon Press.

