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Deep Body Core Temperatures in Industrial
Workers Under Thermal Stress

Derrick John Brake, BE (Hons), MBA
Graham Peter Bates, MB, ChB, MPH, PhD E xcessive  heat strain in the workplace

can lead to a continuum of medical
conditions, with symptoms ranging
from headache and nausea to vomit-

To date, no field study has continuously monitored the deep body core
temperatures of industrial workers. A program to continuously measure
deep body core temperatures in 36 industrial workers working lo-, 12-,
and 12.5-hour  day and nightshifts  in a hot, deep, underground mine
in the Tropics was conducted. No heat illness occurred in these workers
during the study. Miniaturized radio-transponders (‘fills”)  taken
orally were used to measure temperature during the transit time in the
gastrointestinal tract. Commonly recommended limits for industrial
hyperthemzia  are 38. O’C, or an increase of + 1 “C. The results showed
that miners regularly exceeded these limits in terms of maximum deep
body core temperature (average, 38.3”C; standard deviation, 0.4”C),
maximum temperature rise (1.4”C, 0.4”C), and maximum heat storage
(431 kzJ, 163 kJ) without reporting any symptoms of heat illness. A
significant component of the observed elevated core temperatures was
attributable to the normal circadian rhythm, which was measured at
0.9”C (standard deviation, 0.2”C). Evidence was found that workers
“selfpace”  when under thermal stress. (J Occup Environ Med. 2002;
44:125-135)
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ing, syncope, and more severe cen-
tral nervous system disturbances.
The most severe form of heat illness
is heat stroke, which, if untreated or
sufficiently severe, can lead to death
and frequently leads to permanent
tissue damage. One subclass of heat
illness (heat exhaustion) has been
shown to have a clear clinical pro-
file’ and is relatively common in the
mining industry. This condition may
well have been underreported in
other industries during periods of
high ambient temperature. The prin-
cipal pathophysiological factor re-
sponsible for heat illness is hyper-
t h e r m i a ,  d u e  t o  a n  e x t r e m e
environment (high ambient tempera-
tures), high metabolic loads (strenu-
ous physical work), a reduction in
heat rejection capability (vapor bar-
rier or heavily insulating protective
clothing) or any combination of
these. In addition, it can be hypoth-
esized that the rate of increase in
deep body core temperature is an
additional potential factor in the de-
velopment of heat illness.2S3  Circula-
tory insufficiency, which results
from an excessive call on cardiac
output to transport heat from the
deep body core to the skin, and
dehydration due to inadequate re-
placement of fluids lost in sweat, are
factors that frequently lead to hyper-
thermia and, possibly, heat exhaus-
tion. To date, no major field study
has been conducted to continuously
document the actual core tempera-
ture of workers in hostile environ-
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ments. Such a study would better
define the relationship between envi-
ronmental heat stress and the physi-
ological strain on the worker. In
addition, it would allow the valida-
tion of currently recommended limits
for the prevention of occupational
hyperthermia.

These recommend limits generally
fall into one of three categories:

l Limiting (maximum) deep body
core temperature, with a typical
limit being 38°C or 38.5°C.4-10

l Limiting (maximum) increase in
deep body core temperature, with
a typical limit being 1”C.4,5

l Limiting (maximum) heat storage
in the body, with a typical limit
being 60 watts/hour/meter2  for ac-
climatized workers (50 watts/hour/
meter2 for unacclimatized work-
ers).11,12 These figures translate to
389 k.l and 324 kJ of heat storage,
respectively, for “standard” indi-
viduals with 1.8 m2 skin surface
area.

Frequently, these governing au-
thorities advise evaluating the ther-
mal stress by using two or more of
these criteria and using the most
conservative as the relevant limit.
Some of these indices are extremely
difficult to monitor as prescribed.
For example, to administer a work-
place using the IS07933 standard, a
range of environmental parameters
must be monitored continuously near
each worker, an assessment of met-
abolic rates and clothing ensemble
(including personal protection equip-
ment) is required, and exposure lim-
its and times must be calculated and
then weighted to find the overall
allowable exposure.

Apart from the technical difficulties,
there are a number of other complica-
tions in measuring and setting limits
for industrial hyperthermia.

l In practice, the temperature of the
important deep tissues in the body
of any particular individual at any
given time varies within about a
0.5”C  range, even when at rest in
thermoneutral conditions (condi-
tions of no heat strain).‘3 The tem-
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perature can be estimated by a num-
ber of methods, including sub-
lingual, tympanic, rectal, esopha-
geal, and gastrointestinal. There is
no broad acceptance of a single
superior site within the body as de-
fining, from a physiological point of
view, a critical “core” tempera-
ture.‘4-18  However, because of the
crucial role of the blood in collect-
ing heat from the core and transmit-
ting it to the skin, where the heat can
be rejected, esophageal temperature
(measured at about the level of the
heart) is considered a very close
indicator of the temperature of
blood leaving the heart and is, there-
fore, probably the most valid single
indicator of deep body core temper-
ature. Unfortunately, esophageal
temperature can be safely measured
only in a laboratory.
Even when unstressed, the “aver-
age” temperature of deep body
tissues can differ by up to 1°C for
different individuals, indicating
that a range rather than a single set
value exists for humans.13,19
There is a daily (circadian) rhyth-
micity, which includes tempera-
ture, for virtually every organ of
the body.20 The “average” deep
body core temperature can vary
diurnally by 1°C or more for any
individual,‘4,‘8 even when un-
stressed and in thermoneutral con-
ditions. For resting, thermoneutral
conditions, deep body core tem-
perature is at its lowest at about 4
AM and at its highest at about 6 PM.

This daily variability has practical
consequences when attempting to
set limits for night-shift workers or
workers on extended shifts.
There is also a periodic change of
about 0.5”C  in the overall deep
body core temperature associated
with menstrual periods.21,14*‘8

In the past, most information about
deep body core temperatures has
been obtained using rectal thermom-
eters or transducers. For safety rea-
sons associated with manual han-
dling and mobile workers, this has
effectively prevented the continuous
measurement of core temperatures in

actual work environments; the inser-
tion of rectal probes also generally
meets with strong resistance from
workers. Therefore, the rectal mea-
surements that have been taken inter-
mittently in field studies are unlikely
to have captured the full temperature
response in the body, particularly
when environmental conditions or
work rates have varied significantly
with time.

For this reason, only modest
amounts of reliable information on
continuous temperatures are avail-
able from field studies. Extrapolation
of laboratory work to occupational
settings is generally prone to some
error and uncertainty because of the
very different environments in-
volved, the artificial nature of the
laboratory setting, and the interaction
of the experimenter with the
subject.22

Improved information on deep
body core temperatures of occupa-
tional workers in their work environ-
ment would, therefore, assist signifi-
cantly with the development of
appropriate heat stress indices and
protocols. The information needed
for these decisions can be grouped/as
follows:

What upper values of core temper-
ature are reached regularly and
safely in a typical thermally stress-
ful workplace where workers are
self-pacing?
What is the time duration over
which elevated core temperatures
prevail?
What is the rate at which core tem-
peratures increase and decrease?
Is heat exhaustion likely to be re-
lated to hyperthermia, or to some-
thing else, eg, hypohydration?
What is a safe and realistic core
temperature increase for workers
on 12-hour  shifts when the work-
day comprises a significant pro-
portion of their overall circadian
cycle?

Background and Methods
This article reports a field investi-

gation to measure the deep body core
temperatures (hereafter “core tem-
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peratures”) using gastrointestinal
pills with radio-transponders to in-
vestigate the above questions and
make recommendations.

All subjects were industrial work-
ers habitually exposed to heat stress
in a hot, deep underground mine
located in the Tropics and were
therefore considered to be acclima-
tized. All in the target group worked
lo-, 12-, or 12.5hour shifts.

The clothing ensemble consisted
of long cotton trousers and short or
long sleeved shirts, safety boots,
safety helmet, and eye protection.
Where the environment was dusty or
noisy, a face respirator or noise pro-
tection was also worn. On occasion,
elbow-length impermeable gloves, a
rubber apron, and a visor clipped to
the safety helmet were worn. How-
ever, the workforce was highly mo-
bile, and some work was conducted
from within air-conditioned cabins
of mobile equipment. Therefore, not
all work was performed in hot con-
ditions or was physically strenuous.
All lunch breaks were taken in air-
conditioned lunchrooms.

Because all workplaces were at a
vertical depth of between 1000 m
and 1600 m below the surface, and
because of the considerable thermal
damping effect as air traveled from
the surface to the worksites, no sig-
nificant change in environmental
conditions occurred in the workplace
between day and night.

The study was conducted over two
summers, with a major change to the
existing working-in-heat protocols
occurring between the summers. The
earlier protocol relied heavily on the
shortening of the work shift to 6
hours when environmental condi-
tions exceeded approximately 32°C
wet bulb globe temperature for more
than 2 hours. The shortened shift had
been in operation since 1942. The
new protocol removed the short shift,
increasing exposure times to 12
hours and instituting a graduated
management response based on a
new thermal stress index called
Thermal Work Limit.23  The experi-
ments were designed, in part, to en-

sure that the introduction of the new
protocols and longer shift lengths did
not compromise the workers’ health.

The workers were all relatively
well informed about the issues re-
lated to working in heat, and they
worked mostly in self-paced arrange-
ments. No cases of heat stroke had
been reported to the 24-hour on-site
medical clinic during over 10 million
work shifts at temperatures exceed-
ing 28°C wet bulb temperature and
36°C dry bulb temperature from
1966 to 1997.24  Workers are not
generally subject to any regular form
of health screen, apart from a preem-
ployment medical and ongoing chest
radiographs and blood-lead testing.
With self-pacing, the work rate re-
duces as workplace temperatures in-
crease; therefore, hyperthermia in a
self-paced setting is generally due to
exposure to extreme thermal envi-
ronments (exogenous heat) rather
than high metabolic loads (endoge-
nous heat). There are significant
physiological differences between
internal and external heat loads. In-
ternally generated heat loads must be
transported by the cardiovascular
System to the skin for rejection to the
environment, whereas external heat
loads can be rejected directly from
the skin by evaporation of sweat,
with substantially less strain on the
cardiovascular system.‘7,25,26

Although mild-to-moderate forms
of heat illness do occur in this con-
text,“27 none of the participating
workers developed heat illness dur-
ing the course of the study. The fact
that such a large number of work
shifts have been worked in extreme
conditions without a recorded case of
heat stroke also indicates that the risk
of serious heat illness is low.

Core temperature monitoring
equipment consisted of CorTemp
temperature-sensing pills (HTI Tech-
nologies, St. Petersburg, FL), each
with an in-built miniature radio
transmitter, and BCTM ambulatory
data recorders (PED [Personal Elec-
tronic Devices], Inc, Wellesley,
MA). The lo-mm-long pills transmit
the temperature of the surrounding

tissues for their transit time in the
gastrointestinal tract, typically 24 to
48 hours, and are not recovered. The
manufacturer’s reported accuracy of
the pill is +O.OYC.  Each pill is
individually calibrated during manu-
facture and can be set, in the field, to
transmit the temperature at an inter-
val between 5 seconds and 1 minute
(1 minute in this study). Gastrointes-
tinal temperature is considered to be
more closely related to rectal temper-
ature than to esophageal tempera-
ture28  and, therefore, is likely to be
about 0.5”C  below the temperature
of blood leaving the heart and diffus-
ing through the body core.29 How-
ever, rectal temperatures have the
advantage of being directly compa-
rable with numerous historical stud-
ies, which invariably measured core
temperatures rectally.

The study was conducted on 36 .
male workers, who comprised the
target group. All participants gave
their written, informed consent to a
series of studies that had ethics com-
mittee approval. The target group
was selected from the rest of the
workforce on the basis of highest
relative exposures to environmental
heat and highest relative work rates.

A control group of six office
workers (all male, all day shift),
working in the same operation but in
sedentary jobs in an air-conditioned
office (typically 24”C,  50% relative
humidity), was also tested. They
were heat-unacclimatized in compar-
ison with the target group.

Because of the travel time required
to get from the surface  to the work-
place and back again, the actual work
time on the job was typically 7.5
hours for 10 hour shifts and 9 hours
for 12 hour shifts. Workers on lo-
hour shifts took one meal break per
shift; those on the longer shifts took
two meal breaks per shift.

Environmental conditions were
measured at each workplace approx-
imately every 60 minutes using a
Heat Stress Meter,30  which provided
digital readouts of ventilated wet
bulb temperature, dry bulb tempera-
ture, wind speed, globe temperattire,
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calculated mean radiant temperature,
barometric pressure and wet bulb
globe temperature (WBGT). WBGT
was evaluated in accordance with the
guidelines of the American Confer-
ence of Governmental Industrial Hy-
gienists (ACGIH).4

Core temperature data were col-
lected on day shift, night shift, and,
for some individuals, for work con-
ducted over 2 consecutive day or
night shifts, along with “recovery/
resting” core temperatures between
shifts. For each individual shift, and
for the aggregated data, the follow-
ing was calculated:

TABLE1
Target Group*

Age (yrs)

n 31
Max 52
Min 24
Avg 35.4
SD 7.56

Height (cm) Weight (kg) BMI

31 32 38
198 125 33
163 65 23
179.4 88.8 27.5

8.36 13.96 2.77

~~2~~X
(mL/kg/min)

19
47.4
31.1
37.7

4.67

* BMI, body mass index; i/O,,,,, maximum oxygen consumption, SD, standard deviation.

TABLE 2
Environmental Conditions in the First and Second Summers, After Changes to
Working-in-Heat Protocols*

WBGT (“C) TWL (watts/mete?)

1st Summer 2nd Summer 1st Summer 2nd Summer

n 164 186 164 186
A% 30.78 30.94 178 174
SD 1.729 2.144 41.7 44.9
Max 36.9 35.2 286 276
Min 26.8 25.7 81 83

maximum, minimum, and average
shift values, and highest 10 and 30
consecutive minute averages
duration of time spent in the fol-
lowing core temperature zones
("C): 36 to 37, 37 to 37.6, 37.6 to
38.2, 38.2 to 38.8, 38.8 to 39.4,
39.4 to 40
core temperature rise during the
shift (defined as the difference be-
tween maximum and minimum
temperatures during the shift)
calculated maximum heat storage
in the body (defined as the temper-
ature rise multiplied by the aver-
age thermal capacity of body tis-
sue multiplied by the body weight)
highest lo-, 30-, and 60-minute
temperature increase and decrease
during the shift, which indicated
the rate at which the body under-
went thermal strain, and the rate at
which the strain attenuated,
respectively.

Only data sets with more than 4
hours of core temperature data were
considered in the analyses. All statis-
tical tests were based on the un-
paired, two-tailed t test, assuming
equal variances, unless otherwise
noted.

Results
A summary of the anthropometric,

body structure, and maximum oxy-
gen consumption (ire,,,,) data of
the subjects in the target group is
shown in Table 1.

A total of 350 environmental ob-
servations (Table 2) were taken (ex-

* WBGT, wet bulb globe temperature; TWL, Thermal Work Limit; SD, standard deviation.

eluding observations when workers
were inside air-conditioned areas and
therefore not under thermal stress).
The average workplace WBGT tem-
perature in the first summer with the
former protocols was not signifi-
cantly different (WBGT: P = 0.38;
Thermal Work Limit: P = 0.44) to
that of the second summer with the
revised protocols. Fifteen observa-
tions (4%) exceeded 32” wet bulb
temperature.

0.45”C;  range, 37.0“ to 38.9”C),  and

A total of 38 sets of core temper-
ature data were obtained from the
target group, comprising 22 sets
from the first summer and 16 from
the second summer. The two sets of
data were compared on the basis of
average and maximum shift values
over the two summers.

The average shift value (2 stan-
dard deviation [SD] and range) for
the first summer was 38.4”C  (SD,
0.5O”C;  range, 37.7” to 39.5”C),  and
for the second summer, 38.2”C  (SD,
0.31”C;  range, 37.8” to 38.8”C);  the
difference was not significant (P =
0.26).

The maximum shift value for the
first summer was 37.65”C  (SD,

for the second summer, 37.58”C
(SD,  0.22”C; range ,  37 .2”  to
38.O”C);  the difference was not sig-
nificant (P = 0.55).

The total recorded time over the
38 shifts was 413 hours. Gaps in the
record set, or invalid data, consti-
tuted a total of 35 hours, or 9% of the
total elapsed time.

The results for the pooled core
temperature data from both summers
are summarized in Table 3 for the
target group and Table 4 for the
control group.

Figures 1 and 2 show core temper-
ature traces for shiftworkers in the
target group, whereas Fig 3 shows a
trace for an office worker in the
control group. Note some examples
of gaps in the data set.

Discussion
For clarity, the SDS and ranges of

values are listed in either the tables
or the text but not both. Neither the
WBGT nor the Thermal Work Limit
in the workplace changed signifi-
cantly from one summer to the next;
it was concluded that the level of
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heat stress exposure had not
changed.

The maximum and average core
temperatures also had not changed
significantly from one summer to the
next; it was concluded that the new
working-in-heat protocols had not
changed the level of hyperthermia.
The core temperature data was there-
fore pooled for further analysis.

When recommending safe core
temperature limits from this study, it
would be misleading to consider
only the average upper values mea-
sured. For example, some workers
were allocated jobs in which they
were under little thermal stress for
the shift (their upper core tempera-
ture was low); this is supported by
Table 3, which shows that the high-
est core temperature recorded by one
worker was only 37.7% Because no
worker reported symptoms of heat
illness during the study and environ-
mental conditions included a range
of temperatures, not all workers
reached their maximum safe individ-
ual core temperature during the shift.
It is hypothesized that a realistic
upper limit from this data is probably
about 1 SD above the measured
group averages. However, more con-
servative approaches might be to
consider the safe limit as being the
value that was not exceeded by 95%
of workers, or to consider the safe
limit to be the value that was ex-
ceeded by at least (for example) 20
workers. The values based on 1 SD
above the average are reported in
italics in the following discussion,
and comments regarding the alter-
nate approaches are provided when
relevant.

Control Group
The most significant feature of the

control group is a 0.9”C  (1.2”) aver-
age core temperature increase during
the work shift. Because the control
group was sedentary and thermally
unstressed, this increase was proba-
bly caused by diurnal variation in
core temperature over this period,
This value was close to the Interna-
tional Labour Organisation3’ recom-
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after 8 AM.
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Fig. 2. Core temperature (“C), heart rate (bpm), and (trailing) 4-minute  moving average heart
rate for subject working lo-hour day shift. Note the drinking of cold water after 8 AM.

mended core temperature rise for cluding the sleeping period), but
acclimatized workers of 1°C with rather only diurnal variation from
almost 50% of workers exceeding about 6:30 AM to the end of the
the International Labour Organisa- workday (typically between 5 PM and
tion value without physical exertion 6 PM). The full diurnal variation was
or heat stress. Note that these values found to be larger than this, as can be
do not reflect thefull 24-hour diurnal seen in Figs. 1 and 3. If the 24-hour
variation in core temperature (in- circadian rhythm increase by itself
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Fig. 3. Core temperature (“C) data for control group (non-stressed) subject. Recording period
covers  3 nights and 2 days.

can meet or exceed the allowable
core temperature increase due to
thermal stress, then it is likely that
the recommended allowable in-
creases are too low, certainly for
12-hour shift workers.

Target Group ’
The average body mass index

(27.5) of the target group (Table 1) is
in the middle of the “overweight”
range of 25 to 30 kg/m2 as desig-
nated by the World Health Organiza-
tion.32 The average V02max (37.7
mL/kg/min)  is outside the normal
range (39 to 48 ml/kg/mm) for non-
athletes aged 30 to 39 years.33  The
target group was typical of industrial
workers in this operation. A test of
469 contract employees joining the
organization for project work under
similar levels of heat stress during
this period had a measured VOZmax
of 39.0 mL/kg/min  (SD, 7.8 mL/kg/
min) and a body mass index of 25.9
(SD, 5.4).

The average maximum core tem-
perature during the shift was 38.3”
(38.7”),  which exceeds the ACGIH
recommended value of 38.0” (al-
though the 2000 TLVs provide for a

core temperature of 38.5“ for medi-
cally selected, acclimatized work-
ers). Two workers exceeded 39°C
(being 39.4” and 39.5”,  respectively;
one is shown in Fig 2). These figures
are broadly in line with the findings
of others, who have reported the core
temperature limit for moderately fit
industrial workers, prior to collapse
or withdrawal, as being in the range
of 39.0” to 39.5”C26,32-36  Trained
athletes have been found to continue
without ill effects at core tempera-
tures in excess of 40”C.37-39  The fact
that these data were measured on
workers with a wide range of age,
body mass index, and V02max in the
ordinary course of their work activi-
ties, and who reported no heat ill-
ness, questions the validity of using
38.O”C  as an absolute limit for indus-
trial workers. However, if a safe
limit were to be based on the 5th
percentile from this study, the limit
would be approximately 37.8”C;  if
based on the safe level achieved by
20 workers, it would be approxi-
mately 38.2”C. Both limits are
within the most recently recom-
mended ACGIH limits for screened
and acclimatized workers.

The highest lo- and 30-consecu-
tive-minute averages, maximums,
and minimums were all very close to
the l-minute (single reading) values.
This indicates that workers plateau
near the maximum temperature for
that shift and remain there for some
time.

The average increase in core tem-
perature (or the core temperature
working reserve, defined here as the
maximum reached in the shift minus
the minimum reached) was 1.4”C
(1.9”(Z),  compared with the IS0 rec-
ommended maximum of l.O”C for
acclimatized workers. Note that 26
(68%) of the 38 sets were for work-
ers on 12- or 12.5hour shifts; of
these 26 sets, 19 were for the day
shift. The average increase of 1.4”C
is in accordance with the findings of
Rastogi et aJ4’ who found an aver-
age core temperature increase of
2.2”F (1.2”C)  for industrial workers,
with one group averaging an increase
of 2.5”F (1.4”C).

If gastrointestinal temperatures
are, in fact, 0.5”C  lower than esoph-
ageal temperatures, then the “core”
temperatures found in this study,
which were already higher than the
generally recommended values,
would be even higher. This high-
lights the importance of defining
when, where, and how core temper-
atures are to be defined in setting
future occupational limits.

The average heat storage (defined
as the calculated maximum minus
minimum heat content of the body
during the shift) was 431 kJ (594 kJ)
compared with the IS0 recom-
mended value of 389 kJ for acclima-
tized workers.

The average maximum increase in
core temperature was 0.5”C  (0.7”C)
in 10 minutes, 0.8”C  (l.l’C)  in 30
minutes, and 0.9”C  (1.2”C)  in 60
minutes. The average maximum de-
cline in core temperature for the
three time periods were 0.5” (0.8”(Z),
0.7” (l.O”C), and 0.8“ (l.l”C),  re-
spectively. Individual increases in
core temperature of up to 1.3”C in 10
minutes, and up to 1.5”C in 30 min-
utes, were recorded. The significance
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of the rate of increase or decrease in
core temperature for industrial work-
ers is not known, but it has been
speculated that the rate of increase
and/or the duration of the hyperther-
mia may be important factors in de-
veloping heat illness, in addition to
the actual core temperature reached.2

The relatively rapid increase and
decrease in core temperature could
explain why intermittent rectal tem-
perature measurements in the past
during other field studies might not
have caught the true maximum tem-
peratures reached. Most laboratory
studies, on the other hand, have used
“steady-state” or slowly changing
heat stress, which is not likely to
reflect modern industrial work
patterns.

The distribution of temperatures
during the work shift indicated that
temperatures above 38.2”C were
only exceeded about 7% of the time.
Temperatures over 38.8”C  were in-
frequent to rare. Acclimatized, self-
paced workers are therefore unlikely
to voluntarily exceed core tempera-
tures of about 38.8”C.  Given the
wide range of environmental condi-
tions, body structure, aerobic capac-
ity, and work rates in this study, this
is strong evidence that workers are
able to self-pace when they are prop-
erly trained and supported by their
management. The fact that the inci-
dence of heat exhaustion and stroke
is more prevalent in the military, in
which work is frequently externally
paced, also supports this conclusion.

It also seems that authorities
charged with responsibility for de-
veloping standards or advisory
guidelines on occupational heat
stress assume that a single measuring
site for “deep body core tempera-
ture” exists, and that this measure
has a single value rather than a range
of values. This is certainly the case
with the ACGIH TLV and IS0 7933,
which refer to, but do not define,
“deep body temperature.”

One of the reasons several author-
ities have advised the adoption of the
cautious limits of 38°C or an in-
crease of 1°C is that this modest limit
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is needed to cover the wide range of
interindividual variances. However,
artificially restrictive limits are cre-
ated if these limits are then used as
ceiling values to trigger withdrawal
of personnel under medical surveil-
lance. Where these limits are used to
develop heat stress indices and pro-
tocols, this study shows that they
would lead to unnecessary conserva-
tism for self-paced workers who
have, by definition, the ability to
reduce their work rate or to withdraw
from conditions when they feel un-
necessarily stressed.

Given the exposure to very hot
conditions in this workforce of about
2000 underground miners over a pe-
riod of at least 50 years, it is perhaps
surprising that there have been no
recorded incidents of heat stroke, a
conclusion that can be made with
reasonable confidence, as a 24-hour
medical clinic with attending occu-
pational physicians is on-site. The
most likely reasons for this record
include the following:

The workforce, especially the tar-
get group that habitually works in
the heat, is reasonably well-edu-
cated about the affects of working
in heat.
The surface climate is hot, and
workers are at least partly acclima-
tized by living in this climate.
Workers typically work by them-
selves or with one, or at most two,
regular coworkers. Older workers
typically “mentor” new workers
with advice about suitable work
paces and breaks. This situation
differs from occupational settings
in which the work rate is exter-
nally paced.
Because of the geographical
spread of workers, work is typi-
cally conducted with no on-the-job
supervision. Supervisors usually
visit each workplace twice each
shift, for about 10 minutes each
visit.
The workforce is relatively unfit
(compared with athletes). Others
have found that relatively unfit
workers are likely to suffer heat
exhaustion that is self-limiting, re-

sulting in voluntary withdrawal or
collapse, before serious hyperther-
mia is incurred.41-43

It should not be concluded from
the above that this industrial opera-
tion is inefficient. Productivity is
within good practice levels of other
similar operations in the Western
world. Workers are well paid, and
there is a production-based incentive
component (typically about 25%) in
their earnings.

Indications of the impact of lower
core temperatures experienced by
workers on night shift (due to normal
circadian rhythm) can be seen Fig. 1.
This additional core temperature re-
serve at night compared with day-
time work could help explain why
Donoghue et al’ and Cabanac44
found that workers exposed to heat
stress on day shifts were statistically
more likely to develop heat illness
than workers on night shifts. The
threshold for sweat onset is also
lower at night than during the day.45

Note that 26 of the 38 data sets
from the target group were from
workers on 12- or 12.5-hour shifts.
This roster requires only two 12-hour
night shifts to be worked, so that the
resetting of the circadian clock
would not occur to any significant
extent over the course of this ros-
ter.46  If subjects worked long rosters
of consecutive night shifts, then the
circadian clock would reset and the
natural increase in core temperature
working reserve at night would no
longer exist.

The close correlation between
heart rate and core temperature,
when under thermal stress, can be
seen in the Figs. 1 and 2. This con-
firms what others16*47,48  have found
as to heart rate being a reasonable
indicator of overall physiological
and psychological strain, and it
opens the possibility of using widely
available ambulatory heart rate mon-
itors to continually assess hyperther-
mia in industrial workers.

It should be noted that the wide-
spread adoption of WBGT as an
index of thermal stress was histori-
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tally driven by two important
factors:

It was seen as a proxy for Cor-
rected Effective Temperature,
which at its inception (1957) was
the most widely used heat stress
index for occupational use.i7
It could be measured directly by
an instrument that could be made
sufficiently small and robust to be
used in the field.

Neither of these assumptions is
now true, with widespread recogni-
tion of weaknesses in both Corrected
Effective Temperature and WBGT
as indices of thermal stress,40,48-51
and the development of microproces-
sor-based instruments that can mea-
sure and compute more complex
physiological models than the
WBGT instruments.30

Note that the principal source of
heat strain for these workers is the
environmental heat load rather than
an internally produced heat load due
to heavy metabolic rates. As dis-
cussed earlier, this follows from the
nature of self-pacing; a cool environ-
ment can allow higher work rates
and therefore a higher proportion of
the heat strain to be generated by
internal (endogenous) loads, but as
the environmental heat stress in-
creases, self-paced workers reduce
their work rates and the balance
shifts, with the environmental (exog-
enous) load now creating most of the
heat strain. Internally generated heat
loads must be transported by the
cardiovascular system to the skin for
rejection to the environment,
whereas external heat loads can be
rejected directly from the skin by
evaporation of sweat with substan-
tially less strain on the cardiovascu-
lar system,2,‘8,26,52  although the
same sweat gland response is re-
quired as the overall heat rejection
requirement from the surface of the
skin is unchanged.

Conclusions and
Recommendations

The gastrointestinal temperature-
sensing radio-transmitting pill is an

effective method of profiling the
core temperature of workers in diffi-
cult occupational settings.

The rapid increase and decrease in
core temperatures suggests that pre-
vious data collected in occupational
settings, which are almost always
from intermittent measurements
taken rectally, have probably failed
to give a true picture of the maxi-
mum limits reached.

The range of core temperatures
measured highlights problems in ex-
isting guidelines in which neither the
location nor method of measuring
core temperature is specified. More-
over, current guidelines do not ade-
quately account for circadian
variability.

The current limits advocated by
ISO,  ACGIH, and others are possibly
conservative compared with those
actually experienced in heat acclima-
tized workers in this operation. In
particular, the suggestion that a 1°C
limit on the rise of core temperature
due to exposure to heat is unlikely to
be practical, especially for workers
on 12-hour shifts, in which increases
of 1°C in core temperature can be
due to normal circadian rhythms
alone. This is in accordance with the
findings of others.18,53

The proposed revised upper limit
of 38.5 recommended by ACGIH for
medically screened, acclimatized
workers seems to be endorsed by this
study, with workers in the target
group spending very little time at
temperatures exceeding this figure,
although some brief excursions did
occur. However, given that no
worker developed heat illness during
these exposures, the need for contin-
uous medical surveillance during the
exposure, as recommended by
ACGIH, is unlikely to be warranted,
at least for self-paced, well-informed
workers.

Workers can self-pace, as seen by
the fact that this environment was
frequently very stressful, with an av-
erage WBGT of 31.9”C.  Neverthe-
less, only 7% of the time was spent
with core temperatures above
38.2”C.
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When workers are both educated
and encouraged to self-pace, it is
likely that a higher upper limit on
core temperature would not result in
significant heat illness problems.
When workers are unable or not
permitted to self-pace (eg, some mil-
itary personnel), limits based on
much more conservative values may
be required to account for interindi-
vidual differences.

The current ACGIH limits of a
26.7”C  WBGT for moderate work
rates and 3O.O”C  WBGT for light
work rates are not supported by this
study, with average workplace envi-
ronmental conditions being substan-
tially above these recommended
values.

Shortening the working shift to
avoid hyperthermia is unlikely to be
necessary for self-paced workers.

Further work is required to deter-
mine whether it is the peak core
temperature reached, the rate of in-
crease in core temperature, or the
duration of the temperature excur-
sion that results in heat exhaustion
and heat illness.

It is important to recognize< that
this study was conducted on acclima-
tized workers who were reasonably
well educated about the affects of
working in heat and had a measure of
control over their pace of work dur-
ing their work shifts. Moreover, the
principal source of heat stress for
these workers was generally environ-
mental heat load rather than an inter-
nally produced heat load due to sus-
tained strenuous metabolic rates.
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