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Abstract
Objectives—To examine the incidence,
clinical state, personal risk factors, hae-
matology, and biochemistry of heat ex-
haustion occurring at a deep underground
metalliferous mine. To describe the un-
derground thermal conditions associated
with the occurrence of heat exhaustion.
Methods—A 1 year prospective case series
of acute heat exhaustion was undertaken.
A history was obtained with a structured
questionnaire. Pulse rate, blood pressure,
tympanic temperature, and specific grav-
ity of urine were measured before treat-
ment. Venous blood was analysed for
haematological and biochemical vari-
ables, during the acute presentation and
after recovery. Body mass index (BMI)
and maximum O2 consumption (V~O2 max)
were measured after recovery. Psychro-
metric wet bulb temperature, dry bulb
temperature, and air velocity were
measured at the underground sites where
heat exhaustion had occurred. Air cooling
power and psychrometric wet bulb globe
temperature were derived from these
data.
Results—106 Cases were studied. The inci-
dence of heat exhaustion during the year
was 43.0 cases / million man-hours. In Feb-
ruary it was 147 cases / million man-hours.
The incidence rate ratio for mines operat-
ing below 1200 m compared with those
operating above 1200 m was 3.17. Mean
estimated fluid intake was 0.64 l/h (SD 0.29,
range 0.08–1.50). The following data were
increased in acute presentation compared
with recovery (p value, % of acute cases
above the normal clinical range): neutro-
phils (p<0.001, 36%), anion gap (p<0.001,
63%), urea (p<0.001, 21%), creatinine
(p<0.001, 30%), glucose (p<0.001, 15%),
serum osmolality (p=0.030, 71%), creatine
kinase (p=0.002, 45%), aspartate transami-
nase (p<0.001, 14%), lactate dehydrogenase
(p<0.001, 9.5%), and ferritin (p<0.001,
26%). The following data were depressed in
acute presentation compared with recov-
ery (p value, % of acute cases below the
normal clinical range): eosinophils
(p=0.003, 38%) and bicarbonate (p=0.011,
32%). Urea and creatinine were signifi-
cantly increased in miners with heat
cramps compared with miners without this
symptom (p<0.001), but there was no
significant diVerence in sodium concentra-
tion (p=0.384). Mean psychrometric wet
bulb temperature was 29.0°C (SD 2.2,
range 21.0–34.0). Mean dry bulb tempera-

ture was 37.4°C (SD 2.4, range 31.0–43.0).
Mean air velocity was 0.54 m/s (SD 0.57,
range 0.00–4.00). Mean air cooling power
was 148 W/m2 (SD 49, range 33–290) Mean
psychrometric wet bulb globe temperature
was 31.5°C (SD 2.0, range 25.2–35.3). Few
cases (<5%) occurred at psychrometric
wet bulb temperature <25.0°C, dry bulb
temperature <33.8°C, air velocity >1.56
m/s, air cooling power >248 W/m2, or
psychrometric wet bulb globe temperature
<28.5°C.
Conclusion—Heat exhaustion in under-
ground miners is associated with dehydra-
tion, neutrophil leukocytosis, eosinopenia,
metabolic acidosis, increased glucose and
ferritin, and a mild rise in creatine kinase,
aspartate transaminase, and lactate dehy-
drogenase. Heat cramps are associated
with dehydration but not hyponatraemia.
The incidence of heat exhaustion increases
during summer and at depth. An increased
fluid intake is required. Heat exhaustion
would be unlikely to occur if ventilation
and refrigeration achieved air cooling
power >250 W/m2 at all underground work
sites.
(Occup Environ Med 2000;57:165–174)
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Deep underground mines are hot and humid
for several reasons1 2: the surface air tempera-
ture and humidity may be high, especially in
tropical regions. Virgin rock temperature in-
creases with depth (geothermal gradient). Air
temperature also increases with depth due to
increasing air pressure (autocompression).
Groundwater and mine water transfer heat to
the air by evaporation and increase the humid-
ity. Most of the energy consumed by mining
machinery and equipment, be it electrical,
compressed air, or diesel, is liberated as heat.
Less important sources of heat underground
include human metabolism, oxidation proc-
esses, explosive blasting, rock movement, and
pipelines.

Heat stroke in underground miners has often
been found in South African mines.3–7 Heat
stroke is often fatal and is distinguished from
the less severe condition of heat exhaustion by
tissue damage, caused by more severe or
prolonged increases in body temperature.8 9

This is best assessed by serum assays of tissue
enzymes—such as aspartate transaminase,
alanine transaminase, lactate dehydrogenase,
and creatine kinase.5 8 Clinically heat stroke is
distinguished from heat exhaustion by distur-
bances of the central nervous system, usually
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prolonged unconsciousness, often preceded by
confusion, ataxia, or convulsions.6–11 The core
temperature is almost always over 40°C at
onset whereas this is very rarely the case in heat
exhaustion.9 10 The core temperature may fall
before presentation, however, so it is not vital to
the diagnosis of heat stroke.9 11 Heat exhaustion
is caused by the inability of the circulatory sys-
tem to simultaneously supply suYcient blood
flow to the skin to achieve adequate heat loss
and to supply the vital organs and exercising
skeletal muscle.8 9 It is usually due to hypovol-
aemia resulting from varying degrees of water
and salt loss.8 People with heat exhaustion may
develop fatigue, headache, dizziness, anorexia,
nausea, vomiting, shortness of breath, or
syncope.8 Confusion, ataxia, prolonged uncon-
sciousness, or convulsions are strongly sugges-
tive of heat stroke.

Heat cramps are painful involuntary con-
tractions of skeletal muscle associated with
work in hot conditions. The limbs are usually
involved and the spasms typically last a few
minutes during which the aVected part is inca-
pacitated. The underlying mechanism is un-
known, and there is conflict as to the role of
dehydration and salt depletion.8

Our study was undertaken at a deep (1800 m
maximum depth) underground metalliferous
mine in tropical arid Australia. In 1967 Wynd-
ham et al developed thermal exposure limits for
underground mining designed primarily to
prevent heatstroke.12 These limits have been
used at this mine and although no case of heat-
stroke has been recorded, heat exhaustion and
heat cramps remain common. We have re-
ceived several inquiries about heat exhaustion
from underground mines elsewhere in Aus-
tralia, however, no data on the incidence or
severity of this problem exist. Heat exhaustion
in underground miners has been the subject of
only one paper, from South Africa, which was
restricted to an analysis of serum electrolytes.13

Our study aimed to elucidate the incidence of
heat exhaustion and describe the clinical state,
personal risk factors, haematology, and bio-
chemistry. It also aimed to describe the under-
ground thermal conditions associated with the
occurrence of heat exhaustion.

Method
A 1 year prospective case series of acute heat
exhaustion was undertaken from 1 October
1997 to 31 September 1998. All underground
miners requesting treatment from the mine’s
medical centre for symptoms of heat exhaus-
tion were considered for inclusion in the series.
The mine’s medical centre is open 24 hours/
day, 7 days/week and undertakes the emer-
gency retrieval and treatment of all workers in
the event of illness or injury. Usually cases of
heat exhaustion are reported by the emergency
telephone line and the miners are retrieved
from underground by four wheel drive ambu-
lance and are taken to the medical centre.
Entry to the study required a history of consid-
erable heat exposure and the presence of one or
more symptoms of heat exhaustion starting
after beginning work (headache, dizziness,
fatigue, nausea, vomiting, transient loss of con-

sciousness) and the reasonable clinical exclu-
sion of alternative diagnoses. The only excep-
tion to the symptom criteria, were two subjects
presenting during the study period with heat
cramps alone. All but two study subjects were
attended to upon presentation by AMD or
MJS. A locum medical oYcer saw one of these
two and an occupational health nurse saw the
other. Both people used the structured ques-
tionnaire and protocol.

All people with occupational illness or injury
presenting to the medical centre are entered
into the mine’s computer injury database by
occupational health nurses. It was therefore
possible to ascertain how many cases of heat
exhaustion were missed during the study
period.

On entry to the study, a history was taken
with a structured questionnaire. This covered
details of the work location, job done, start
time, estimated fluid intake, whether alcohol
had been consumed in the last 24 hours,
current illnesses, current medication, whether
it was the first shift after rostered days oV,
whether the subject had left the tropics in the
past 2 weeks, and symptoms (cramps, head-
ache, dizziness, fatigue, nausea, vomiting,
diarrhea, loss of consciousness, confusion,
convulsions). Fluid intake was estimated ac-
cording to the history of fluid consumption
from standard capacity water bottles (4 l) and
any other non-standard vessels.

The pulse, recumbent blood pressure, and
tympanic temperature were recorded.

Venous blood was tested for the following
haematological and biochemical variables:
haemoglobin, red cell count, packed cell
volume, mean cell volume, mean cell haemo-
globin, white cell count, neutrophils, lym-
phocytes, monocytes, eosinophils, basophils,
sodium, potassium, chloride, bicarbonate,
anion gap, glucose, urea, creatinine, osmolality,
alanine transaminase, creatine kinase, aspartate
transaminase, lactate dehydrogenase, activated
partial thromboplastin time, prothrombin
time, lactate, ascorbate, iron, total iron binding
capacity, transferrin saturation, and ferritin.
The blood analyses were undertaken by a
medical laboratory registered by the Royal
College of Pathologists of Australasia.

A urine sample was tested for specific gravity
with an Atago refractometer.

Treatment consisted of either oral fluids or
intravenous normal saline, given in an air con-
ditioned treatment room of the medical centre.

During the acute presentation, AMD or MJS
contacted the ventilation manager or his
deputy, to arrange measurements at the under-
ground site where the miner had been working.
Psychrometric wet bulb temperature, and dry
bulb temperature were measured with a sling
psychrometer with mercury thermometers. Air
velocity was measured by vane anemometer.

Air cooling power and psychrometric wet
bulb globe temperatures were calculated from
these data.

Air cooling power is a calculated rate of heat
transfer from a person to the environment in
which he or she is working. Its calculation has
been refined over many years.1 14–17 In its most
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simple form it is represented by the following
formula:

air cooling power=R+C+E (W/m2)

R=radiant heat transfer, C=convective heat
transfer, E=evaporative heat transfer.

The eVect of respiratory heat loss is not con-
sidered in the air cooling power calculation, as
it has been shown to be negligible during typi-
cal underground thermal conditions.17 Con-
ductive heat transfer is also not included as
bodily contact with solid surroundings during
modern mining is limited.1

Air cooling power (Brake et al personal com-
munication) was calculated with the measured
values of psychrometric wet bulb temperature,
dry bulb temperature, and air velocity, making
the following assumptions:

(1) The radiant heat calculations used dry
bulb temperature instead of globe temperature.
In the underground environment the two tem-
peratures seldom diVer by more than one
degree.18 Radiant heat is only of significance
when working near freshly fired faces or near
diesel haulage vehicles.

(2) The barometric pressure was 110 kPa.
(3) The usual clothing for miners was cotton

trousers and long sleeved shirts. The thermal
characteristics of these clothes have been
previously measured and were entered into the
air cooling power calculations.

Wet bulb globe temperature was approxi-
mated by the formula 0.7 psychrometric wet
bulb temperature +0.3 dry bulb temperature.
Dry bulb temperature was substituted for globe
temperature in the standard equation.8 The wet
bulb temperature was a psychrometric measure
rather than a natural one as conventionally
used in calculations of wet bulb globe tempera-
ture. For this reason we have referred to our
measure as a psychrometric wet bulb globe
temperature.

After recovery from heat illness, subjects
were recalled on a rostered day oV, or on a first
day back before going underground, for
measurement of their height, weight, and
maximum O2 consumption (V~O2max). The
body mass index (BMI) was calculated as
weight/height2 (kg/m2). The V~O2max (ml/kg/
min) was measured by submaximal exercise
cycle testing with the Astrand protocol. Venous
blood was tested for the same variables to
detect any significant diVerences from the
results obtained during heat exhaustion.

Incidences of heat exhaustion were calcu-
lated with the total number of underground
miners as the denominator. Rates were calcu-
lated for the annual study period and for Feb-
ruary, the month with the highest number of
cases. Because heat and humidity increase with
mine depth, the incidence of heat exhaustion
was calculated for the three mines operating
above 1200 m depth and for the two mines
operating between 1200 and 1800 m depth.
This was done to help determine the need for
more ventilation and refrigeration in the deep-
est mines.

Work rates were classified as heavy or light
according to the type of job being done at the

onset of symptoms. For example, heavy work
rates were assigned to ground support, rigging
up drill rigs, timbering, shovelling, barring
down, charging faces, and installing ventilation
line. Light work rates were assigned to electri-
cal work, diesel fitting, maintenance, surveying,
mucking unit operation, welding, and truck
driving.

To help clarify the role of dehydration and
salt depletion in heat cramps, the serum
sodium, urea, and creatinine concentrations
were compared between miners with and with-
out heat cramps.

To determine whether age, obesity, or poor
cardiovascular fitness are risk factors for repeat
episodes of heat exhaustion in this occupa-
tional setting, age, BMI, and V~O2max data were
compared between miners with and without
repeat episodes of heat exhaustion. Air cooling
power and work rate data were also compared,
to see whether repeat episodes were due to
hotter conditions or heavier work.

The study was approved by the Curtin Uni-
versity human research ethics committee.

STATISTICAL ANALYSIS

The two tailed, paired t test was used to deter-
mine the significance of diVerences between
the acute and recovery blood test results. ÷2

Tests were used to find the significance of dif-
ferences in observed and expected frequencies
for cases occurring during the day shift and on
the first shift. ÷2 Tests were also used to find the
significance of diVerences in the proportion of
heavy versus light work undertaken by miners
with and without repeated episodes of heat
exhaustion. The two tailed, unpaired t test was
used to find the significance of diVerences in
age, BMI, V~O2max and air cooling power
between groups with and without repeated epi-
sodes of heat exhaustion. The two tailed,
unpaired t test was also used to find the signifi-
cance of diVerences in serum values between
groups with and without cramps. The mean,
95% confidence interval for the mean (95%
CI), median, SD, and range were calculated for
all variables. Cumulative percentage plots of
occurrence of heat exhaustion relative to each
of the underground thermal variables and rela-
tive to urinary specific gravity were generated.
The ÷2 tests were performed with EpiInfo-
Statcalc. All other statistical analyses were per-
formed with Microsoft Excel.

Figure 1 Number of heat exhaustion cases by month.
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Results
One hundred and six subjects were studied.
The mine’s computer injury database recorded
118 cases in the same period. This indicates
90% of those cases satisfying the inclusion cri-
teria were studied. The total number of under-
ground miners during this period was 1252.
The incidence of heat exhaustion therefore was
94.2/1000/year. This equates to 43.0 cases /
million man-hours of underground work.
Figure 1 shows the occurrence of cases by
month of the year. In February the incidence
reached 147 cases / million-man hours worked
underground.

The incidence of heat exhaustion for the
three mines operating above 1200 m depth was
18.4 / million-man hours. For the two mines
operating between 1200 and 1800 m depth it
was 58.3 / million man-hours. The rate ratio for
heat exhaustion in the deeper mines was there-
fore 3.17.

All subjects were men. Age, BMI, and
V~O2max results are listed in table 1. Eighty five
cases (80%) were doing heavy work as defined
in the methods section.

Seventy six men had one episode, 10 men
had two episodes, one man had four episodes,
and one man had six episodes. The mean age,
BMI, and V~O2max of miners with repeat
episodes of heat exhaustion were not signifi-
cantly diVerent from miners who experienced
only one episode (table 1). The proportion of
heavy work being done by miners with repeat
episodes of heat exhaustion (27 heavy / 30
total) was not significantly diVerent from that
done by miners who experienced only one epi-
sode (58 heavy / 76 total, p=0.186). The air
cooling power results were not significantly
diVerent for miners with (n 21, mean 146, 95%
CI 123 to 169, median 139, SD 53, range
79–255) and without (n 53, mean 149, 95% CI
136 to 162, median 148, SD 48, range 33–290)
repeat episodes of heat exhaustion (p=0.826).

Sixty subjects (57%) had been working at or
near the face of a heading, where the
ventilation was usually poor and the humidity
high. Workplace thermal conditions were
measured in 74 subjects (70%). The results are
listed in table 2. The reasons for missing data
included inability to contact the mine ventila-
tion manager and loss of data by his field
agents. Figures 2–6 are cumulative percentage
graphs of occurrence of heat exhaustion
relative to psychrometric wet bulb tempera-
ture, dry bulb temperature, air velocity, air
cooling power, and psychrometric wet bulb
globe temperature.

Seventy nine of the cases (75%) occurred
during the day shift whereas 50% would have
been expected to occur during the day shift and
50% during the night shift (p<0.001). Forty
four cases (42%) occurred on the first day after
rostered days oV, whereas only 25% would
have been expected to occur on the first day of
a 4 day roster (p=0.01).

Table 1 Age, BMI and V~O2max for all cases, for cases with a single episode of heat
exhaustion and for cases with repeat episodes of heat exhaustion

n Mean 95% CI Median SD Range p Value*

All cases:
Age 106 33.6 32.1 to 35.1 33.0 7.9 19–55
BMI 96 29.6 28.7 to 30.5 29.6 4.4 20.2–40.6

V~O2max 95 43.0 40.9 to 45.1 41.1 10.3 25.9–83.2
Single episode cases:

Age 76 33.6 31.7 to 35.5 32.0 8.6 19–55
BMI 66 29.1 28.1 to 30.2 28.6 4.5 20.2–40.6

V~O2max 65 43.2 40.5 to 45.9 40.7 11.2 25.9–83.2
Repeat cases:

Age 12 34.6 31.6 to 37.5 34.5 5.2 24–46 0.695
BMI 12 30.4 27.9 to 32.9 30.7 4.5 20.8–36.0 0.373

V~O2max 12 40.0 36.0 to 44.0 40.7 7.1 27.5–49.4 0.344

*Single episode group v repeat episode group.

Table 2 Underground thermal data

PWBT DBT AVEL ACP PWBGT

n 74 74 74 74 74
Mean 29.0 37.4 0.54 148 31.5
95% CI 28.5 to 29.5 36.8 to 37.9 0.41 to 0.67 137 to 159 31.0 to 32.0
Median 29.8 38.0 0.42 144 31.7
SD 2.2 2.4 0.57 49 2.0
Range 21.0–34. 0 31.0–43. 0 0.00–4.00 33–290 25.2–35. 3
95% level* 25.0 33.8 1.56 248 28.5

*95% Of the cases occurred at less favourable thermal values than these. PWBT=psychometric
wet bulb temperature; DBT=dry bulb temperature; AVEL=air velocity; ACP=air cooling power;
PWBGT=psychometric wet bulb globe temperature.

Figure 2 Cumulative percentage of heat exhaustion in
relation to psychrometric wet bulb temperature (n=74).
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Figure 3 Cumulative percentage of heat exhaustion in
relation to dry bulb temperature (n=74).
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Mean estimated fluid intake was 0.64 l/h
(95% CI 0.58 to 0.69, median 0.63, SD 0.29,
range 0.08–1.50). Only 10 miners (9.4%)
drank >1 l/h. Most miners were drinking plain
water.

Only 10 miners (9.4%) admitted alcohol
consumption in the previous 24 hours.

Eight miners (7.5%) had a current minor
infective illness, being either gastroenteritis or
upper respiratory tract infection.

Only one miner had been outside the tropics
in the 2 weeks before presentation.

Symptom frequency was as follows: head-
ache 71 (67%), dizziness 60 (57%), fatigue 83
(78%), cramps 69 (65%), nausea 86 (81%),
vomiting 50 (47%), diarrhoea 10 (9.4%), tran-
sient loss of consciousness 2 (1.9%), confusion
1 (0.9%). No convulsions occurred.

Mean tympanic temperature at presentation
to the medical centre was 37.1°C (95% CI 37.0
to 37.2, median 37.2, SD 0.6, range 36.0–
38.4). Only five cases (4.7%) exceeded 38.0.

Mean urine specific gravity on presentation
to the medical centre before treatment was
1.027 (95% CI 1.025 to 1.028, median 1.028,
SD 0.006, range 1.000–1.040). Nineteen min-
ers (18%) could not pass urine on presenta-
tion. Figure 7 shows the cumulative percentage
of miners relative to urine specific gravity on
presentation.

Mean pulse rate was 84/min (95% CI 82 to
86, median 82, SD 12, range 50–126). Mean
systolic blood pressure was 125 mm Hg (95%
CI 122 to 128, median 125, SD 14, range
90–160). The heart rate exceeded 100/min in

six subjects (5.7%). The systolic blood pres-
sure was <100 mm Hg in two subjects.

Table 3 lists the haematology results and
tables 4 and 5 list the biochemistry results.
Eighty nine (84%) of the 106 acute cases par-
ticipated in the recovery assessment. This was
undertaken after a mean interval of 37 days
(95% CI 28 to 43, median 23, SD 37, range
3–152).

Fifty patients (47%) were treated with
intravenous normal saline (1–4 l). This usually
produced a rapid improvement in symptoms.
Some patients preferred to avoid cannulation
despite nausea limiting their tolerance for oral
fluids. They usually took longer to recover
than the patients given intravenous normal
saline.

Four miners (3.8%) were sent to hospital for
further treatment. The rest were sent home
after treatment. Seventy seven miners were due
to work the next day. Of these, 47 (61%) were
asymptomatic and 30 (39%) had persistent
mild symptoms—such as headache and fa-
tigue. Forty six (98%) of the asymptomatic
miners returned to normal duties and 22
(73%) of the symptomatic miners were re-
stricted to an air conditioned environment.
None of these miners required further medical
treatment. Of the 22 miners restricted to an air
conditioned environment, 21 (95%) returned
to normal duties after one shift, and one
required two shifts.

Sixty nine subjects (65%) reported cramps
and 37 (35%) did not. Table 6 lists the serum
sodium, urea, and creatinine results for these

Table 3 Haematology results

Haemo-
globin

Red cell
count

Packed cell
volume

Mean cell
volume

Mean cell
haemoglobin Platelets

White cell
count Neutrophils

Lympho-
cytes Monocytes Eosinophils Basophils

Acute (n) 106 105 105 105 105 102 106 105 105 105 105 105
Acute (mean) 156 5.04 0.446 89.7 31.1 231 10.4 7.20 2.37 0.58 0.12 0.038
95% CI 154 to

159
4.96 to
5.13

0.439 to
0.453

89.0 to
90.3

30.8 to
31.4

220 to
241

9.8 to
11.0

6.63 to
7.78

2.21 to
2.54

0.52 to
0.65

0.10 to
0.15

0.027 to
0.049

Median 156 5.00 0.440 90.0 31.0 227 9.7 6.80 2.30 0.50 0.10 0.000
SD 12.4 0.44 0.036 3.2 1.3 54.3 3.3 3.02 0.88 0.33 0.13 0.057
Range 122–189 4.10–6.20 0.350–0.550 81.0–98.0 27.0–35.0 114–393 4.5–21.6 2.10–17.7 0.30–5.40 0.10–1.60 0.00–0.53 0.000–0.200
Normal range 135–180 4.2–6.0 0.38–0.52 80–98 27–35 150–450 4.0–11.0 2.0–7.5 1.1–4.0 0.2–1.0 0.04–0.4 <0.21
n > Normal range 4 3 2 0 0 0 36 38 4 10 6 0
% > Normal range 3.8 2.9 1.9 0 0 0 34 36.2 3.8 9.5 5.7 0
n < Normal range 3 2 1 0 0 3 0 0 7 4 40
% < Normal range 2.8 1.9 0.95 0 0 2.9 0 0 6.7 3.8 38.1
Recovery (n) 86 86 86 86 86 81 86 86 86 86 86 86
Recovery (mean) 152 4.92 0.434 89.5 31.1 217 7.4 4.42 2.28 0.44 0.21 0.026
95% CI 150 to

154
4.85 to
4.99

0.428 to
0.439

88.8 to
90.2

30.8 to
31.4

207 to
226

7.0 to
7.8

4.06 to
4.78

2.13 to
2.43

0.38 to
0.50

0.17 to
0.25

0.018 to
0.034

p Value 0.008 0.024 0.005 0.010 0.577 0.001 <0.001 <0.001 0.133 <0.001 0.003 0.031

Table 4 Biochemistry results

Na K Cl HCO3 Anion gap Lactate Glucose Urea Creatinine Osmolality Ascorbate

Acute (n) 106 105 106 105 105 87 92 106 106 103 85
Acute (mean) 141.2 4.20 100.3 25.6 19.5 2.06 6.20 6.84 0.132 299 33.4
95% CI 140.5 to

141.8
4.12 to
4.28

99.5 to
101.2

25.0 to
26.2

18.6 to
20.3

1.84 to
2.28

5.90 to
6.50

6.42 to
7.26

0.122 to
0.141

298 to
300

26.9 to
39.9

Median 141.0 4.10 101.0 26.0 18.0 1.80 5.95 6.40 0.11 299 26.0
SD 3.3 0.43 4.4 3.1 4.4 1.05 1.48 2.22 0.049 7.1 30.7
Range 131.0–149.0 3.10–5.50 89.0–110.0 16.0–33.0 10.0–33.0 0.90–8.40 4.40–11.40 3.30–14.90 0.080–0.300 270–318 5.0–170
Normal range 137–147 3.5–5.0 96–109 25–33 4.0–17 0.6–2.0 3.0–7.7 2.5–8.0 0.06–0.13 280–295 10–115
n > Normal range 2 5 1 0 66 31 14 22 32 73 3
% > Normal range 1.9 4.8 0.94 0 62.9 35.6 15.2 20.8 30.2 70.9 3.5
n < Normal range 7 1 14 34 0 0 0 0 0 1 18
% < Normal range 6.6 0.95 13.2 32.4 0 0 0 0 0 0.97 21.2
Recovery (n) 88 88 88 88 88 47 78 88 87 87 80
Recovery (mean) 140.7 4.13 102.1 26.9 15.9 2.07 5.47 5.01 0.093 297 34.5
95% CI 140.2 to

141.2
4.07 to
4.19

101.6 to
102.6

26.3 to
27.5

15.3 to
16.4

1.78 to
2.36

5.20 to
5.73

4.78 to
5.25

0.090 to
0.095

296 to
298

28.2 to
40.7

p Value 0.259 0.160 <0.001 0.011 <0.001 0.425 <0.001 <0.001 <0.001 0.030 0.409
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two groups. There was no significant diVer-
ence between them for serum sodium
(p=0.384). However serum urea and creati-

nine were significantly higher in the group
with cramps.

Discussion
Heat exhaustion occurs relatively infrequently—
43.0 cases / million man-hours of underground
work. However, the incidence is much higher
during the summer months and in particular
January to March. In February the incidence
was 147 cases / million man-hours worked
underground. Also the miners most often
aVected are those working in remote headings
where the ventilation and refrigeration are at
their worst. This subgroup of miners would have
had a higher incidence of heat exhaustion.

The incidence rate ratio for heat exhaustion
in the deeper mines was 3.17. This is consistent
with the increasing heat exposure that occurs at
depth due to the geothermal gradient and
autocompression. It also highlights the need for
improved ventilation and refrigeration at
depth.

The results suggest that individual suscepti-
bility exists but is uncommon. Seventy six sub-
jects experienced a single episode of heat
exhaustion. It is possible that the 10 men who
experienced two episodes and the two men
who experienced four and six episodes respec-
tively do have susceptibility to heat exhaustion.
The BMI, V~O2max, work rate, and air cooling
power results were not significantly diVerent in
this group, when compared with the miners
who experienced a single episode.

The median BMI of 29.6 was just within the
World Health Organisation’s overweight range
of 25–30.19 This is a reflection of the heavy
musculature and mild obesity present in many
underground miners. The median V~O2max of
41.1 ml/kg/min was just within the normal
range for non-athletes aged 30–39, of 39–48
ml/kg/min.20 It is possible that increased BMI
and depressed V~O2max are risk factors for heat
exhaustion in this occupational setting. In-
creased BMI has been found to be a significant
risk factor for heat illness in soldiers undertak-
ing paced work.21 22 Poor aerobic fitness, as
measured by V~O2max, has been significantly
correlated with increased core temperatures
during heat stress.23 24 Poor aerobic fitness, as
measured by prolonged run times in military

Figrue 5 Cumulative percentage of heat exhaustion in
relation to air cooling power (n=74).
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Figure 6 Cumulative percentage of heat exhaustion in
relation to psychrometric wet bulb globe temperature
(n=74)
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Figure 7 Cumulative percentage of heat exhaustion in
relation to specific gravity of urine on presentation (n=87).
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Table 5 Biochemistry results

Alanine
transamin-
ase

Creatine
kinase

Creatine
kinase
MB(%)

Aspartate
transaminase

Lactate
dehydro-
genase

Activated
partial
thrombo-
plastin time

Prothrombin
time Iron

Total iron
binding
capacity

Transferrin
saturation Ferritin

Acute (n) 105 105 33 105 105 99 99 87 87 87 87
Acute (mean) 33.2 227 3.69 31.9 189 29.4 14.8 15.6 69.2 23.1 281
95% CI 29.7 to

36.7
195 to
259

3.31 to
4.07

30.2 to
33.6

181 to
197

28.6 to
30.2

14.6 to
15.0

14.2 to
17.1

66.5 to
71.9

21.0 to
25.2

247 to
314

Median 30.0 180 3.60 30.0 180 28.0 15.0 15.0 68.0 23.0 241
SD 18.2 167 1.11 8.8 40 4.1 1.2 6.8 12.8 10.0 158
Range 12.0–101 38–1100 1.40–6.00 19.0–79.0 126–364 25.0–38.0 12.0–17.0 3.0–52.0 45.0–100 6.0–65.0 41–804
Normal range 0–45 0–190 <4.0 0–41 80–250 25–38 12.0–17.0 10.0–33 45–70 16–50 20–320
n > Normal range 20 47 12 15 10 0 0 1 33 1 23
% > Normal range 19 44.8 36.4 14.3 9.5 0 0 1.1 37.9 1.1 26.4
n < Normal range 0 0 0 12 0 20 0
% < Normal range 0 0 0 13.8 0 23 0
Recovery (n) 88 88 88 88 83 83 83 82 82 82
Recovery (mean) 33.0 174 27.5 165 31.1 14.7 15.7 63.3 25.0 243
95% CI 28.8 to

37.2
137 to
211

25.5 to
29.6

160 to
170

30.0 to
32.3

14.3 to
15.1

14.6 to
16.8

61.3 to
65.3

23.2 to
26.8

210 to
276

p Value 0.683 0.002 <0.001 <0.001 0.026 0.456 0.868 <0.001 0.120 <0.001
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fitness tests, has also been found to be a signifi-
cant risk factor for heat illness.21

Significantly more cases occurred on the first
shift, and during the day shift, than would have
been expected. The most common roster was
two 12 hour day shifts, two 12 hour night shifts,
then 4 days oV. Diurnal variation in the
thermal environment underground is minimal.
The predominance of cases on the first shift,
which is a day shift, probably resulted in the
predominance of cases occurring during the
day. Loss of acclimatisation is unlikely to
explain the excess of cases occurring on the
first day shift. This is because only one miner
left the tropics within the 2 weeks preceding
heat exhaustion, and the 4 day break between
shifts is not long enough to lose acclimatisa-
tion. It is more likely that outdoor recreational
activities and alcohol consumption have re-
sulted in dehydration before starting the first
shift.

Fluid intake was clearly inadequate. The
raised serum osmolality, urea, creatinine, and
urine specific gravity (fig 2) indicate marked
dehydration. Estimated fluid intake was much
less than the maximum gastrointestinal absorp-
tion rate of 1.4–1.8 l/h.25 26 Urine specific grav-
ity may be of use in educating underground
miners as to the fluid intake required to prevent
dehydration. A urine specific gravity of <1.015
on going underground and of <1.025 on
surfacing might be expected to reduce the inci-
dence of heat exhaustion. Alternatively, com-
parison of urine colour with photographs of
urine samples known to be of these specific
gravities would avoid the need for specific
gravity testing and may be more practical for
many miners. Urine colour has been shown to
correlate well with specific gravity and dehy-
dration measured by changes in body mass.27

Febrile illness, use of medication, recent
travel outside of the tropics, and alcohol
consumption during the previous 24 hours
were uncommon risk factors. It is possible that
alcohol was consumed more often than was
admitted to, as there is a workplace alcohol
testing policy with random, accident, and high
potential incident tests.

Core temperature on presentation was only
mildly increased and never exceeded 38.5°C.
Core temperatures have been found to fall
considerably during transport from the field to
a medical centre.11 It is certainly possible that
this occurred in our study, retrieval by four
wheel drive ambulance typically taking 20–30
minutes from receipt of the call out. This
possibility makes it impossible to exclude
hyperthermia as a contributor to the findings.
The fact that nine subjects (8.5%) had a urine

specific gravity <1.020 suggests there may be a
direct hyperthermic eVect.

The haemoglobin, red cell count, packed cell
volume, and platelet concentrations were
significantly increased on presentation com-
pared with recovery, suggesting haemoconcen-
tration due to dehydration. There was no
evidence of the platelet consumption reported
in heat stroke.28–34

The white cell count was significantly
increased, mainly due to a rise in neutrophils.
Thirty eight miners (36%) had frank neutro-
phil leukocytosis. This suggests a considerable
stress response.35 The monocyte concentration
was significantly increased which may reflect
increased cytokine production in response to
heat. The eosinophil concentration was signifi-
cantly decreased. Forty miners (38%) had
frank eosinopenia. This suggests a considerable
stress response.35 We are not aware of any pre-
vious reports of neutrophil leukocytosis or
eosinopenia in heat exhaustion. Both of these
features, however, have been reported in
subjects exercised to volitional exhaustion.36

The sodium and potassium concentrations
were not significantly diVerent on presentation
compared with recovery. Sweat is hypotonic so
water would have been lost out of proportion to
sodium. Volume depletion would have induced
renal sodium retention by way of the renin-
angiotensin-aldosterone system. Increased
concentrations of plasma renin and aldoster-
one have been found in dehydrated subjects
exercising in heat.37 For these reasons it is not
surprising that hyponatraemia did not occur.
As the recovery sodium concentrations were
normal despite continued work in hot condi-
tions, it seems that dietary intake of sodium is
adequate to replace losses in sweat without
adding sodium to the water consumed at work.
Of course, if an adequate fluid intake was
maintained so as to prevent dehydration and
sodium chloride was added at a concentration
similar to that in sweat, there would probably
be less disturbance of the renin-angiotensin-
aldosterone system. The long term eVects of
repeated activation of the renin-angiotensin-
aldosterone system by dehydration due to work
in hot conditions are unknown.

The chloride and bicarbonate concentra-
tions were significantly decreased. Fourteen
subjects (13%) and 34 subjects (32%), respec-
tively, were below the normal range. The anion
gap was significantly increased. Sixty six
subjects (63%) exceeded the normal range.
These results suggest that metabolic acidosis
occurred causing an increased anion gap,
depressed bicarbonate, and renal exchange of
chloride in favour of bicarbonate.38 39 Although
lactate was not significantly increased on pres-
entation compared with recovery, 31 miners
(36%) exceeded the normal range. It is likely
that lactate contributed to the metabolic acido-
sis.

The glucose concentration was significantly
increased and 14 miners (15%) exceeded the
normal range for random glucose. Nine of
these had a glucose tolerance test and two sat-
isfied the criteria for diabetes mellitus. Given
that most of these subjects had not eaten

Table 6 Serum sodium, urea, and creatinine in cases with and without heat cramps

n Mean 95% CI Median SD Range p Value

Heat cramps:
Sodium 69 141.0 140.2 to 141.8 141.0 3.4 131.0–149.0
Urea 69 7.37 6.81 to 7.93 7.10 2.38 3.30–14.9
Creatinine 69 0.144 0.132 to 0.157 0.120 0.054 0.080–0.30

No heat cramps:
Sodium 37 141.5 140.5 to 142.5 141.0 3.1 135.0–149.0 0.384
Urea 37 5.85 5.39 to 6.31 5.60 1.42 3.70–10.6 <0.001
Creatinine 37 0.108 0.100 to 0.117 0.100 0.027 0.080–0.230 <0.001
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recently and that they were engaged in manual
labour it is somewhat surprising to find the
glucose concentration increased. Perhaps it is
in response to catecholamine secretion, known
to occur during exercise in heat.37 40

Urea and creatinine were significantly in-
creased. Twenty two (21%) and 32 (30%) sub-
jects, respectively, exceeded the normal range.
This reflects marked dehydration. The return
to normal on recovery precluded chronic renal
failure as a cause for these findings.

Serum osmolality was significantly increased
and 73 subjects (71%) exceeded the normal
range. This reflects dehydration. As the sodium
concentrations were normal, it is likely that the
increased urea and glucose contributed to the
increased osmolality. Recovery serum osmolal-
ity was also increased compared with normal.
A rise in serum osmolality has been reported in
subjects undergoing acclimatisation.41 How-
ever, it is also likely that dehydration occurs in
miners on days oV as a result of recreational
activities in the heat.

Ascorbate was not significantly diVerent on
presentation than on recovery. However 18
subjects (21%) were below the normal range
on presentation. Ascorbate deficiency has been
associated with impaired heat tolerance and
acclimatisation,42 and it would seem that it may
also be associated with an increased risk of heat
exhaustion.

Creatine kinase, aspartate transaminase, and
lactate dehydrogenase were significantly in-
creased. Alanine transaminase was not signifi-
cantly diVerent on presentation and on recov-
ery. However, 20 subjects (19%) exceeded the
normal range on presentation. The magnitude
of the rise in all of these enzymes was much
smaller than that found in heatstroke.4–6 10

However, peak aspartate transaminase, alanine
transaminase, and lactate dehydrogenase con-
centrations in heat stroke have been found at
48–72 hours.5 6 It is possible therefore, that
these enzymes may have reached higher
concentrations after presentation.

There was no evidence of the coagulation
abnormalities reported in heat stroke.28–34

Serum ferritin and total iron binding capac-
ity were significantly increased. Twenty three
subjects (26%) and 33 subjects (38%), respec-
tively, exceeded the normal range. Although
ferritin was increased there was no increase of
serum iron, suggesting an acute phase reaction,
rather than haemochromatosis. Increased
transferrin has been reported in subjects exer-
cised to volitional exhaustion.36

Serum urea and creatinine were significantly
higher in those miners who experienced
cramps than in those who did not (table 6).
Serum sodium, however, was not significantly
diVerent. This suggests that dehydration rather
than low serum sodium concentration is the
cause of heat cramps. The frequent presence of
heat cramps in cases of heat exhaustion (65%),
suggests that the traditional distinction be-
tween the two conditions is unhelpful. It may
be more appropriate to regard heat cramps as
one of the symptoms that may occur in heat
exhaustion.

Unfortunately thermal data from under-
ground areas where heat exhaustion did not
occur were not recorded, so it is not possible to
measure the risk of heat exhaustion for given
levels of psychrometric wet bulb temperature,
dry bulb temperature, air velocity, air cooling
power, or psychrometric wet bulb globe
temperature. However, it is clear that few cases
of heat exhaustion (<5%) occurred at psychro-
metric wet bulb temperature <25.0°C, dry
bulb temperature <33.8°C, air velocity >1.56
m/s, air cooling power >248 W/m2, or psychro-
metric wet bulb globe temperature <28.5°C. It
seems likely, therefore, that heat exhaustion
would be practically eliminated if ventilation
and refrigeration systems achieved air cooling
power >250 W/m2 at all underground work
sites.

At a wet bulb globe temperature of 28.5°C
the American Conference of Governmental
Industrial Hygienists threshold limit value
(ACGIH TLV) system would prescribe a
maximum work rest cycle of 25% work / 75%
rest for heavy work, 50% work / 50% rest for
moderate work, or continuous light work.8 Our
finding that 5% of subjects of heat exhaustion
occurred at a psychrometric wet bulb globe
temperature of 28.5°C is in reasonable agree-
ment with the ACGIH work rest prescription
given that it is likely that underground miners
generally exceed these levels of activity, and
psychrometric wet bulb globe temperature
underestimates wet bulb globe temperature.

It also seems that there is reasonable
agreement between air cooling power and wet
bulb globe temperature. An air cooling power
of 248 W/m2 implies that a continuous moder-
ate work load can be sustained without net heat
gain.1

Previous studies of South African gold min-
ers found that cases of heat stroke began to
occur above wet bulb temperatures of
26.5–28.3°C.3 6 7 12 Given that heat exhaustion
is a less severe end point than heat stroke, these
slightly higher wet bulb temperatures are
consistent with our findings.

A case series of heat cramps, heat exhaus-
tion, and heat collapse in South African gold
miners reported a mean wet bulb temperature
of 31.6°C (95% CI 31.0 to 32.2).13 This is
somewhat higher than the mean psychrometric
wet bulb temperature of 29.0°C (95% CI 28.5
to 29.5) found in our series. Unfortunately the
South African series did not report the lower
limit or percentiles of the wet bulb tempera-
ture, so it is diYcult to compare the value at
which heat exhaustion began to occur. Air
velocity, air cooling power, and wet bulb globe
temperature were not reported.

Mine productivity (tonnes/month) has been
reported to fall at air cooling powers <300
W/m2.18 Declining productivity therefore oc-
curs at air cooling powers above those associ-
ated with heat exhaustion. This is not surpris-
ing, as physiologically it would be expected
fatigue would occur before heat exhaustion.

To prevent heat exhaustion and poor pro-
ductivity the aim should be to provide air cool-
ing powers >250 W/m2. The best way to do this
is by refrigeration and ventilation; however,
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refrigeration costs can be very high. It is also
important to minimise heat production with
energy eYcient machinery and control of
groundwater and mine water.2 Portable air
movers are cheap and can improve air cooling
power considerably in remote headings by
increasing air velocity. However, they require
frequent relocation and will not put right other
issues related to ventilation—such as the
removal of air contaminants and supply of fresh
air.

Although we have been able to define a
threshold of thermal conditions for under-
ground mining beyond which heat exhaustion
can be expected, more research is required to
define the risk of heat exhaustion beyond this
threshold. The descriptive data presented in
figures 2–6 suggest the sort of relation that may
be found. Having defined the risk of heat
exhaustion at given thermal levels, it will be
necessary for all stakeholders in mining to
agree on what is an acceptable risk and set a
withdrawal limit. To minimise the risk of heat
exhaustion at a given thermal level, it is impor-
tant to ensure:

x Education to promote hydration before,
during, and after work

x Education to promote self pacing (slowing
the work rate or resting more often in
worse conditions)

x Early reporting of symptoms and ending
work when they occur.

Because underground miners often work
alone, are usually supervised intermittently,
and often vary their tasks and work rate, the use
of formal work rest cycles is not really practica-
ble.

Hand held electronic instruments that meas-
ure wet bulb temperature, dry bulb tempera-
ture, globe temperature, air velocity, and calcu-
late wet bulb globe temperature and air cooling
power should soon be commercially available.43

It is hoped that these will facilitate recognition
of ventilation and refrigeration deficiencies, as
well as recognition of thermal conditions that
require withdrawal. Prototypes are currently
being used at this mine.

Heat stroke does not occur at this mine
despite work being undertaken at times in con-
ditions previously associated with a high risk of
heat stroke in South African mines (wet bulb
temperature>32.5°C).3 12 We suggest two
reasons for this. Firstly, the work rate of miners
in South Africa in the past was paced whereas
work in this Australian mine is self paced.12

When faced with extreme conditions, miners
here are able to reduce their work rate, and rest,
thereby reducing the required heat loss.
Secondly, miners with symptoms of heat
exhaustion here are able to stop work. This
may not have been the case in South Africa in
the past, and it is likely that continued paced
work in miners with heat exhaustion would
result in heat stroke. Lind suggested similar
reasons for the absence of heat stroke in Euro-
pean coal miners.44 The risk that paced work
represents in extreme thermal conditions is
clear. Contract mining today commonly in-
volves financial incentives to maximise devel-
opment and rates of production. Miners may

be tempted by these incentives to maintain
inappropriately high work rates and ignore
symptoms of heat exhaustion. Controls must
be in place to prevent this.

In summary—heat exhaustion in under-
ground miners is an important acute occupa-
tional disease associated with dehydration
(increased urea, creatinine, osmolality), neu-
trophil leukocytosis, eosinopenia, metabolic
acidosis (increased anion gap, depressed bicar-
bonate) increased glucose and ferritin, and a
mild rise in creatin kinase, aspartate transami-
nase, and lactate dehydrogenase. The inci-
dence increased considerably during the sum-
mer and at depth. Heat exhaustion is unlikely
to occur if an air cooling power >250 W/m2 is
achieved at all underground sites. Education to
promote hydration, self pacing, and the early
reporting of symptoms is required. Hierarchy
of control considerations, however, indicate the
need to improve thermal conditions where
practicable and prevent work in those condi-
tions that present an unacceptable risk of heat
exhaustion. More research is needed to define
the risk of heat exhaustion beyond the thermal
threshold. Then stakeholders need to reach a
consensus on what is an unacceptable risk and
define a withdrawal limit.

We thank Mr Rick Brake, mine ventilation manager, for his val-
ued assistance and support over the duration of the study.
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Vancouver style

All manuscripts submitted to Occup Environ
Med should conform to the uniform require-
ments for manuscripts submitted to biomedi-
cal journals (known as the Vancouver style.)

Occup Environ Med, together with many
other international biomedical journals, has
agreed to accept articles prepared in accord-
ance with the Vancouver style. The style
(described in full in the JAMA[1]) is intended
to standardise requirements for authors, and is
the same as in this issue.
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tively in the order in which they are first men-
tioned in the text by Arabic numerals on the
line in square brackets on each occasion
the reference is cited (Manson[1] confirmed
other reports[2][3][4][5]). In future ref-
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more, the first three followed by et al; the title
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